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THE SYNTHESIS OF PHYLLOPYRROLE-DICARBOXYLIC ACID! 


By S. F. MACDONALD AND K. H. MIcHL? 


ABSTRACT 


Phyllopyrrole-dicarboxylic acid, Ic, has been synthesized making all of the 
four hypothetical reduction products of the uroporphyrins available synthetically. 


INTRODUCTION 


Two sets of four pyrroles were important both as reduction products of 
hemin, the coproporphyrins, and the chlorophylls, and as intermediates for 
synthetic work on these pigments. The first set were basic, opsopyrrole, 
hemopyrrole, cryptopyrrole, and phyllopyrrole (5a), and the second consisted 
of the corresponding monocarboxylic acids, opsopyrrole-carboxylic acid, 
etc. (5d). Analytically, the members of both sets had been separated as picrates. 
Work on the uroporphyrins required a third set of dicarboxylic acids, opso- 
pyrrole-dicarboxylic acid, etc. This set was unknown because the reduction 
products of uroporphyrin I did not form picrates (1). 





R°CH:CHay— or R°CH:CHy—7CH::R? ie’ oi R°CH:CHy Lew 
HU JH Hl cH H Hi cl CH; 
Sa OF aa 
H H 
R! = R? =H: 
Opsopyrrole Hemopyrrole Cryptopyrrole Phyllopyrrole 
R! = H, R? = COOH: 

Opsopyrrole- Hemopyrrole- Cryptopyrrole- Phyllopyrrole- 

carboxylic acid carboxylic acid carboxylic acid carboxylic acid 
R! = R? = COOH: 

Opsopyrrole- Hemopyrrole- Cryptopyrrole- Phyllopyrrole- 
dicarboxylic acid, dicarboxylic acid, dicarboxylic acid, dicarboxylic acid, 
m.p. 139-140° m.p. 150° m.p. 126° m.p. 107-108° 

Hydrobromide, Hydrobromide, 
m.p. 160-161° m.p. 137-138° 

Methyl ester, Methy!] ester, 
m.p. 51-52.5° m.p. 51-53° 


1Manuscript received June 26, 1956. 


Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, Canada. 


Issued as N.R.C. No. 4082. 


2National Research Laboratories Postdoctorate Fellow, 1953-54. 
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Some time ago (lla) we modified the standard methods of pyrrole synthesis, 
which had been inadequate for the syntheses of these dicarboxylic acids, and 
had provided only ambiguous routes to hemopyrrole-carboxylic acid. The 
generality of the methods developed is illustrated by the unambiguous syn- 
theses of hemopyrrole-carboxylic acid (11a), and of the members of this third 
set of pyrroles: opsopyrrole-dicarboxylic acid (10), hemopyrrole-dicarboxylic 
acid (13a), cryptopyrrole-dicarboxylic acid (11d), and, as now reported, 
phyllopyrrole-dicarboxylic acid. 

The use of t-butyl acetoacetate (15) instead of benzyl acetoacetate in the 
initial stages implies a similar solution to the general problem; a quite different 
solution is implied in the synthesis of ethyl a-carbethoxy-cryptopyrrole- 
dicarboxylate through a Mannich base (16). 

The properties of the four dicarboxylic acids explain the analytical diffi- 
culties. We have not obtained picrates from opso-, hemo-, or crypto-pyrrole- 
dicarboxylic acids or from their methyl esters. The methyl esters of hemo- 
and crypto-pyrrole-dicarboxylic acids are low melting solids, and those of 
opso- and phyllo-pyrrole-dicarboxylic acids have been obtained only as oils. 
However, at least hemo- and crypto-pyrrole-dicarboxylic acids are con- 
veniently precipitated as solid hydrobromides (130). All these pyrroles deterio- 
rate unless stored in ampoules sealed under vacuum. 

The synthesis of phyllopyrrole-dicarboxylic acid was analogous to that of 
phyllopyrrole from cryptopyrrole (7a). A crude aldimine-hydrochloride was 
obtained from cryptopyrrole-dicarboxylic acid, Ia, with hydrogen cyanide 
and hydrogen chloride. As the isolation of the aldehyde Id after the hydrolysis 
of the intermediate aldimine-hydrochloride was not practicable, the latter was 
directly reduced by the Wolff-Kishner method (cf. 4) to phyllopyrrole-di- 
carboxylic acid, isolated as its dimethyl ester, IIc. 








a CH:.COOH iene 1 ume 
HCA R HC | Jr 
H H 
la R=H Ila R=H 
b R=CHO b R=CHO 
c R=CH; c R=CH; 
MeOCO.CH:CH;——,CH:.COOMe H,;C;——,CH:CH (CONH.NH:2)s 
| & 
R CH; EtOCc CH; 
H H 
lla R=H IV 
6 R=CHO 


It was unlikely that this method could be improved through a convenient 
method of isolating the aldehyde. The latter appeared to show the expected 
lability in acid solution and high solubility in water. Coupled with this, the 
hydrolysis of the aldimine-hydrochloride in water was not spontaneous but 
required alkali, as in closely analogous cases (76). 
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The dimethyl esters of cryptopyrrole-dicarboxylic acid and hemopyrrole- 
dicarboxylic acid, Ila and IIIa, were therefore treated with hydrogen cyanide 
and hydrogen chloride. When the resulting aldimine-hydrochlorides were 
hydrolyzed, the corresponding aldehydes IIb and IIIb could be isolated. 
Phyllopyrrole-dicarboxylic acid, Ic, was obtained by the Wolff-Kishner re- 
duction of IIb, and its identity confirmed by partial decarboxylation to the 
known phyllopyrrole-carboxylic acid. 

Not unexpected difficulties were encountered in purifying the phyllopyrrole- 
carboxylic acid (cf. 2, 9) and in obtaining its picrate (cf. 3); if the latter was 
obtained, the amount was too small for purification and characterization. The 
purification of the phyllopyrrole-carboxylic acid by repeated vacuum subli- 
mation was inappropriate, causing a lowering of the melting point and an 
increase in the intensity of the Ehrlich reaction. It may be that the propionic 
acid group can thus be lost by a reverse of the Michael addition. This may take 
place on heating pyrroles with potassium methylate (2, 6) and the lability of 
tetraalkyl pyrroles is such that they apparently lose an alkyl group under the 
conditions of the Ehrlich reaction (14). In an analogous case, the pyrrolysis of 
IV to 2,4-dimethyl-5-carbethoxypyrrole (8), the ring is less activated but the 
split would be facilitated by the extra carboxy] on the side chain and by 
pyrazolidone formation displacing the pyrrole from the methylene group. 

Phyllopyrrole-dicarboxylic acid might have been obtained more directly 
by heating Ia with potassium methylate. However, a mixture might then result 
from the partial replacement of the propionic acid group by methyl (cf. 2, 6). 
Further, the aldehydes were required for experiments in the synthesis of un- 
symmetrical dipyrromethenes (12). 


EXPERIMENTAL : 
2,5-Dimethylpyrrole-3-acetic acid-4-propionic acid Dimethyl Ester (Dimethyl 
Phyllopyrrole-dicarboxylate), IIc 

A suspension of 1.77 gm. of cryptopyrrole-dicarboxylic acid, Ia, in 6 ml. of 
absolute ether, 6 ml. of chloroform (alcohol free), and 2 ml. of hydrogen 
cyanide was cooled in an ice-salt mixture while dry hydrogen chloride was ° 
passed in for three hours. After the suspension had been left overnight at 0°, 
the solvent was removed by a stream of dry air. After being washed with 
ether, the crude gummy aldimine hydrochloride was heated for 20 hr. at 
160° with 0.6 gm. of sodium dissolved in 12 ml. of ethanol and 4 ml. of hydra- 
zine. The tube was washed out with ethanol. After addition of water, the 
solution was evaporated on the steam bath im vacuo; more water was then 
added and the solution again evaporated. The residue was dissolved in water 
and chloride ions removed by shaking with freshly prepared silver oxide, then 
sodium ions were removed by passing the solution through a column of 
Amberlite IR-120 (hydrogen form, wet weight 20 gm.). Although these opera- 
tions had been carried out under nitrogen, the solution darkened. The solution 
was freeze-dried, and the dark brown residue esterified with ethereal diazo- 
methane. The solvent was removed in vacuo and the residue distilled twice 
(130-140°. 5x 10-* mm.) On redistilling in a collar flask, the main fraction 
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(75 mgm.) was collected at 138-140° (510-5 mm.) as an easily oxidized pale 
yellow oil which could not be induced to crystallize; Ehrlich’s reaction was 
negative cold, weakly positive hot. Found: C, 61.78; H, 7.79; N, 5.70%. Calc. 
for CisHigNO,: C, 61.64; H, 7.56; N, 5.53%. 


Methyl Cryptopyrrole-dicarboxylate, IIa 

Cryptopyrrole-dicarboxylic acid, Ia, (3.52 gm.) was esterified with an 
excess of ethereal diazomethane at 0°. After the ether had been evaporated, 
the residue was distilled (140-150°, 5X10-> mm.) giving 3.78 gm. (95%) of a 
slightly yellow viscous oil which solidified in an acetone — dry ice bath, and 
then had m.p. 51—53°. For analysis it was redistilled in a collar flask, b.p. 136- 
138° at 10-°> mm. Found: C, 60.12; H, 7.15; N, 5.81%. Cale. for Ci2HizNO,: 
C, 60.23; H, 7.16; N, 5.86%. It may be stored only im vacuo or under nitrogen. 


2-Methyl-5-formylpyrrole-4-acetic acid-3-propionic acid Dimethyl Ester, IIb 

Methyl cryptopyrrole-dicarboxylate, IIa, (3.68 gm.) in 22 ml. of absolute 
ether and 3.7 ml. of hydrogen cyanide was cooled in an ice-salt mixture and 
dry hydrogen chloride passed in to saturation and for an additional one and one- 
half hours, the solution being stirred and protected from moisture. The solvent 
was removed by a stream of dry air, then dry ether twice added to the residue 
and removed in the same way. The oily product, which crystallized when the 
residue was left at 0° overnight, was dissolved in 75 ml. of ice water. The cold 
filtered solution of the imine-hydrochloride was made slightly alkaline by 
adding aqueous sodium hydroxide very slowly. The product, which separated 
as a gum, was dissolved in chloroform. The solution was dried with sodium 
sulphate, filtered, and twice boiled to dryness with absolute ethanol. The 
solution of the residue in ethanol was warmed with charcoal, filtered, and the 
solvent evaporated. The dark-colored residue was extracted several times with 
boiling hexane, the combined extracts concentrated and allowed to cool slowly. 
The product (1.06 gm., 26%) separated as yellowish needles, m.p. 76.5-77°. 
For analysis it was recrystallized from pentane (thimble) and distilled (b.p. 
100-110°, 10- mm.) giving long colorless needles, m.p. 78°. Found: C, 58.46; 
H, 6.18; N, 5.55%. Calc. for Ci:3Hi7NO,: C, 58.4; H, 6.41; N, 5.24%. 


2-Methyl-5-formylpyrrole-3-acetic acid-4-propionic acid Dimethyl Ester, IIIb 

Methyl! hemopyrrole-dicarboxylate, IIIa, (13a) (3.13 gm.) in 9 ml. of ether, 
9 ml. of chloroform, and 3.1 ml. of hydrogen cyanide was converted into the 
crude aldimine-hydrochloride (7.16 gm.) like the isomer above. Here the crude 
oily product did not crystallize. 

(a) One hundred and sixty milligrams of this intermediate was dissolved in 
10 ml. of water. The solution was filtered, shaken with freshly prepared silver 
oxide until chloride ions were removed and the reaction was alkaline, filtered 
quickly, and freeze-dried. When the residue was dissolved in hot hexane and 
left at 0° overnight, the product (60 mgm., 75%) separated as yellow crystals, 
m.p. 112-113°. After distillation (110-120°, 510-5 mm.) and two recrystal- 
lizations from hexane (thimble), it formed long colorless needles, m.p. 114- 
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114.5°. Found: C, 58.67, 58.59; H, 6.59, 6.50; N, 5.45%. Calc. for CisHizNOs: 
C, 58.41; H, 6.41; N, 5.24%. 

(6) The remainder of the intermediate (7.0 gm.) was dissolved in 250 ml. of 
water. The solution was filtered, cooled, and brought to pH 8 with ammonia, 
seeded, and left one hour at 0°. The crystalline product was filtered off, dried, 
recrystallized twice from hexane (thimble), then from 25 ml. of ethanol 
(charcoal) which was concentrated to 15 ml., seeded, and left at 0° overnight. 
The product (920 mgm., 27%) formed yellow crystals, m.p. 111-113°. 

The dinitrophenylhydrazone, prepared in ethanol, formed clusters of brown 
rods. Part melted at 198-200°, resolidified at 201°, and then melted with the 
remainder at 205-207°. 


2,5-Dimethylpyrrole-3-acetic acid-4-propionic acid (Phyllopyrrole-dicarboxylic 

acid), Ic 

The aldehyde-ester IIb (840 mgm.) was heated on the steam bath for one 
hour with 7 ml. of NV sodium hydroxide. The solution was filtered into a Carius 
tube and freeze-dried. After addition of 0.4 gm. of sodium, dissolved in 8 ml. 
of ethanol, and 2 ml. of hydrazine, the tube was sealed and heated at 160° for 
14 hr. The solid in the tube was filtered off, washed with ethanol, dried im vacuo 
‘at 100°, and dissolved in water, and put through a column of Amberlite IR-120 
(hydrogen form, 40 gm. wet weight) under nitrogen. The column was washed 
with 3 liters of water (boiled, then cooled under nitrogen). The first 250 ml. of 
effluent contained only silica. The product (394 mgm., 55%) was obtained 
from the following fractions as very small yellowish crystals, m.p. 107—108° 
(decomp.), by concentrating im vacuo at 20°, then freeze-drying. Ehrlich’s 
reaction was negative cold, very slowly positive hot. Found: C, 58.52; H, 6.49; 
N, 6.37%; eq. wt. 113.6. Calc. for CuHisNO,: C, 58.65; H, 6.71; N, 6.22%; 
eq. wt. 112.6. 


2,3,5-Trimethylpyrrole-4-propionic acid (Phyllopyrrole-carboxylic acid) 

A platinum boat containing phyllopyrrole-dicarboxylic acid, Ic, (0.16 gm.) 
was placed in a glass tube and heated under nitrogen. The temperature was’ 
brought to 110°, then slowly raised to 122°; decarboxylation was complete in 
15 min. The product was then distilled out (115—-123°, 5 10-* mm.) as slightly 
yellowish prisms, m.p. 87-88°, sintering from 86° (Lit.: 88° (3)). Ehrlich’s 
reaction was negative cold, weakly positive hot. It redistilled (112°, 
5X10— mm.) without leaving a residue, giving colorless crystals, m.p. 84-88°, 
sintering from 81°. Ehrlich’s reaction was positive cold. No picrate was formed 
in ether; in ethanol the amount was insufficient for purification and character- 
ization. Found: C, 66.66; H, 8.27; N, 8.038%; eq. wt. 180. Calc. for CioHisNOz: 
C, 66.27; H, 8.34; N, 7.73; eq. wt. 181.2. 
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THE HEAT OF NEUTRALIZATION OF STRONG = ACIDS 
AND BASES IN HIGHLY DILUTE AQUEOUS SOLUTIONS! 


By H. M. PapPeg, W. J. CANADy, AND K. J. LAIDLER 


ABSTRACT 


Heats of neutralization of sulphuric and hydrochloric acids by sodium hy- 
droxide have been determined, using a microcalorimeter of the Tian—Calvet type. 
The range of concentrations employed was 5X10~* N to 3X107 N, which is 
sufficiently low to permit an accurate extrapolation to be made down to zero 
concentration. The extrapolated values obtained were: for H2SO,-NaOH, 13.48 
+0.05 kcal. per gm-equiv. and for HCI-NaOH, 13.52+0.05 kcal. per gm-equiv. 
These values, which correspond to the process H;30++ OH- — 2H,0, are signifi- 
cantly higher than the values of 13.32-13.37 kcal. obtained on the basis of 
previous calorimetric studies in a much higher concentration range. The present 
values, however, agree well with those calculated by Harned and co-workers 
and by Everett and Wynne-Jones from electrochemical data. 


INTRODUCTION 


Although heats of neutralization of strong acids by strong bases have been 
measured on very many occasions, there has remained a distinct discrepancy 
between the results obtained by direct calorimetry and those calculated from 
electrochemical data. The classical calorimetric studies of this problem are 
those of Richards and Rowe (12) and of Richards and Hall (11), who worked 
with a variety of strong acids and bases, at concentrations (after mixing) of 
1 M and higher. Various workers, including Rossini (13), Pitzer (10), and 
Kegeles (8), have employed heat of dilution and other thermochemical data 
to calculate from Richards’ results the heat of neutralization at infinite dilution 
and at 25° C., and have obtained values ranging from 13.32 to 13.37 kcal. per 
gm-equiv.* Pitzer (10) also made a calorimetric determination of his own from 
which he obtained a value of 13.36+0.016 kcal. per mole at infinite dilution. 
Later calorimetric determinations at higher concentrations, such as those of 
Bender and Bierman (1) and of Bierman and Weber (2), have provided some - 
support for the 13.32 value. 

The value for the heat of neutralization at infinite dilution is thé heat of the 
process H;0+ + OH- — 2H,0, and may also be obtained from the temperature 
dependence of the e.m.f. of various cells. Harned and Owen (6) analyzed the 
results of such experiments and arrived at a value of 13.48 kcal. for the process. 
Using somewhat more reliable methods of analysis of the same results, Everett 
and Wynne-Jones (5) and Harned and Robinson (7) arrived at values of 
13.49 and 13.51 kcal. respectively. The probable errors of the electrochemical 
values are about 0.05 kcal.; those of the calorimetric values are more difficult 
to estimate, since they involve corrections for dilutions. The calorimetric 
values are seen to be lower than the electrochemical ones by 0.15 to 0.2 kcal., 
which is outside the range of errors of the electrochemical values. 

‘Manuscript received April 25, 1956. 


Contribution from the Department of Chemistry, University of Ottawa, Ottawa, Canada. 
*All calories quoted in this paper are ‘‘thermochemical” calories, equal to 4.1840 absolute joules. 
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The weakness of the previous calorimetric work is that, in order for the 
heats liberated to be sufficiently large to be measured accurately, the determi- 
nations must be made at fairly high concentrations, and under these conditions 
the corrections for dilution are substantial. With the use of modern micro- 
calorimetric techniques it is, however, possible to make determinations of 
heats of neutralization at very much lower concentrations than have hitherto 
been employed. The microcalorimeter employed in the present investigation 
is of the Tian-Calvet type, and is capable of making accurate (+0.5%) 
measurements of heats as small as 5X10- small calories. With samples of 
10 ml. this means that accurate measurements can be made of heats of neutral- 
ization down to concentrations of about 5X10~* M. The use of such techniques 
clearly eliminates the necessity of employing heat of dilution data, and permits 
the value at infinite dilution to be obtained by a short extrapolation. 

The present communication describes work on the heats of neutralization 
of sulphuric acid and sodium hydroxide, and of hydrochloric acid and sodium 
hydroxide, at concentrations (after mixing) ranging from 5X10-* N to 
3X10-? N. The present investigation is part of an extensive program of 
microcalorimetry which will include studies of heats of neutralization of acids 
and bases of various kinds. The work done so far has been with substituted 
phenols (9), substituted anilines, aliphatic acids, and substituted benzoic acids; 
the results with the latter compounds will be published in due course. 


EXPERIMENTAL 


The microcalorimeter employed was of the type originally designed by 
Tian (14) and later modified by Calvet (3, 4) by the introduction of a dif- 
ferential system that increased the sensitivitv. The instrument consists 
essentially of a central aluminum block containing four cells, to each of which 
144 iron-constantan thermocouples are attached. These are connected differ- 
entially to a high sensitivity galvanometer and a switching arrangement 
which provides three sensitivities. The instrument was used at its highest 
sensitivity when heats of 0.01 to 0.4 calories were being measured, at medium 
sensitivity for heats of 0.4 to 2 calories, and at low sensitivity for heats of over 
2 calories. This calorimeter being of the conduction type, the results are inde- 
pendent of the specific heat of the solutions involved. 

Tian (14) proved that the heat evolved is a function of (and very nearly 
proportional to) the area of the curve showing galvanometer deflection against 
time. These deflections were recorded by means of a Beckman ‘“‘Photopen”’ 
photoelectric light-spot follower. The areas were measured using a planimeter. 
Calibration was carried out by passing a known number of joules of electricity 
through a manganin resistor immersed in liquid in the calorimeter cell. Absolute 
joules were converted into calories by means of the factor 4.1840 joules per 
calorie, and the calories quoted in this paper are therefore the ‘‘thermo- 
chemical’”’ calories employed in the U.S. National Bureau of Standards 
compilations. Heat measurements with the instrument were found to be 
reproducible to within 0.5%. 

The sulphuric and hydrochloric acids, and the sodium hydroxide, were 
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C.P. reagents. The sodium hydroxide solution was standardized against oxalic 
acid, and the sulphuric and hydrochloric acid solutions against the sodium 
hydroxide. Stock solutions were made and were diluted as required. 

The procedure was to mix, in the cell of the calorimeter, 0.5 ml. of a solution 
of the acid with 9.5 ml. of a sodium hydroxide solution. The acid concentration 
was varied over such a range that the final concentration of the acid in the 
mixture (before neutralization) was from 5X10-* N to 3X10 N. The alkali 
concentration was adjusted so as always to be in considerable excess; it was 
found by direct test that the actual concentration had no effect on the heat 
evolved. The alkali solution was placed in the main cell of the calorimeter, 
which was coppered on the outside to ensure good heat conduction to the 
block. The acid solution, delivered from a micropipette capable of an accuracy 
of 0.02%, was contained in a small glass bulb with a thin projection at its base. 

The calorimeter is in a specially built insulated room maintained at 25.0 
+0.1° C. and a relative humidity of about 5%. Before being mixed the solu- 
tions were allowed to come to thermal equilibrium. Mixing was achieved by 
breaking the projection on the bulb, and complete mixing brought about by 
the manipulation of a rubber ball connected to the bulb. In all cases a blank 
was run simultaneously in another cell of the calorimeter; 0.5 ml. of acid 
‘solution was mixed with 9.5 ml. of water instead of alkali solution. This allows 
for the effects of dilution (actually negligible at these concentrations) and 
for the heat developed in the mixing operations. 


RESULTS 
The heats evolved are shown plotted against the acid concentrations in 
Figs. 1 and 2. In both systems the total spread of values is about 0.1 kcal., or 
less than 1% of the total. Application of the method of least squares led to the 
following values for the intercepts on the heat axes, i.e. for the heats at infinite 
dilution: 
H.SO,-NaOH, AH°® = —13.52+0.06 kcal. per gm-equiv. 


HCl-NaOH, AH° = —13.48+0.05 kcal. per gm-equiv. 


The difference between the two values is clearly of no significance, and the 
average value of 
AH° = —13.50+0.05 kcal. per mole 


may therefore be taken as the value provided by the present investigation for 
the process H;O+ + OH- — 2H,0 at 25.0° C. and infinite dilution. 


The plots show that there is very little variation of AH with concentration 
over the range investigated. The least squares treatment leads to the following 
values for the slopes: 


H.SO,-NaOH, 1.7+1.0 kcal. per gm-equiv./gm-equiv. per liter. 
HCl-NaOH, 2.2+1.0 kcal. per gm-equiv./gm-equiv. per liter. 


These slopes correspond to a scarcely significant rise in heat over the range 
investigated. 
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Fics. 1 and 2. Plots of heat of neutralization against acid concentration for the sulphuric 
a pt oN hydroxide system and the hydrochloric acid-sodium hydroxide system; 
= 25.0°C. 





PAPEE ET AL.: HEAT OF NEUTRALIZATION 1681 
DISCUSSION 


The heat of neutralization obtained in the present investigation, 13.50 kcal. 
per mole at infinite dilution, is consistent with the values of 13.48-13.51 ob- 
tained from the electrochemical data. It is, however, definitely higher than 
previous calorimetric values (13.32—13.37). The difference is outside the range 
of error of the present investigation and of the electrochemical work. The 
errors inherent in the previous calorimetric work are difficult to assess but are 
probably larger since the final value depends upon the application of several 
corrections for dilution. 

It is of interest in this connection to see how the value obtained in the 
present investigation fits in with those obtained at higher acid concentrations. 
Kegeles (8) has applied various corrections to the results of Richards and co- 
workers (11, 12), and some of his corrected heats are plotted against concen- 
tration in Fig. 3. It is to be seen that the infinite dilution value obtained in the 





HEAT OF NEUTRALIZATION 


x 











Fic. 3. Plot of the values for the heat of neutralization of hydrochloric acid by sodium 
—— 3 the - at the higher concentrations were calculated by Kegeles from the data ° 
of Richards e¢ al. 


present investigation lies on a smooth curve connecting the higher concen- 
tration points, but that the lower values given by the previous calorimetric 
studies require an inflection in the curve. 

The microcalorimeter employed in these investigations was installed at the 
University of Ottawa by Professor P. R. Gendron, Dean of the Faculty of 
Science. Pressure of other duties has prevented Professor Gendron from using 
this instrument, and we cannot express too strongly our appreciation to him 
for turning it over to our use and for his never-failing encouragement and 
assistance with regard to its operation. 
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DIMETHYLPHENYLBENZYLAMMONIUM CHLORIDE: A 
REAGENT FOR THE GRAVIMETRIC DETERMINATION 
OF PLATINUM! 


By D. E. Ryan 


ABSTRACT 


Dimethylphenylbenzylammonium chloride precipitates platinum quanti- 
tatively from tetravalent platinum bromide solutions; complete precipitation is 
obtained in solutions varying widely in concentrated hydrobromic acid. The 
compound formed is a stable ammonium type salt, (CisHisN)2PtBre, and is used 
as a weighing form for platinum. Commonly associated base metals do not 
interfere. Platinum is readily determined in filtrates from hydrolytic separation 
of other platinum metals. 


INTRODUCTION 


The separation and determination of small quantities of platinum, even 
from solutions containing platinum only, is rather difficult; a comparative 
study of the microgravimetric methods for determining platinum (1) empha- 
sizes the need for more suitable procedures. Since all methods previously 
described require ignition to the metal with its attendant disadvantages as a 
weighing form, investigations were carried out to find an organic reagent that 
would precipitate platinum quantitatively in a form that could be dried at 
110° C. and weighed. 

In a previous paper (3) it was stated that either addition compounds or, 
because of the marked stability of MX." anions, ammonium type salts would 
generally be precipitated from solutions of the tetravalent platinum metals. 
To precipitate ionic solids, as ammonium hexachloroplatinate, from solution 
it is necessary that the lattice energy of the crystal be greater than the hy- 
dration energy of the ions involved; the greater the difference between the. 
lattice energy and the hydration energy the more complete the precipitation. 
The hydration energy can be decreased by increasing the size of the ions and— 
provided the lattice energy is not more adversely affected (by the increase in 
interionic distance or a change in crystal structure)—it should be possible to 
obtain more insoluble haloplatinates by substituting large ammonium type 
cations for the ammonium ion. Strychnine and brucine, for example, do give 
much more insoluble chloroplatinates but poor precision and necessity for 
close pH control limit their usefulness. The quaternary ammonium salt 
dimethylphenylbenzylammonium chloride, however, precipitates small 
amounts of platinum from solutions of widely varying acidities in a form that 
can be dried at 110° C. and weighed. 


1Manuscript received August 7, 1956. 
Contribution from the Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, 
with financial assistance from the National Research Council, Ottawa, Canada. 
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EXPERIMENTAL 


Preparation of Reagent 
CH; 


Dimethylphenylbenzylammonium chloride, (CH;—N—CH.2C.Hs)Cl, was 


| 
CoHs 


prepared by simply mixing equimolar amounts of benzy] chloride and dimethyl- 
aniline and allowing the mixture to stand at ordinary temperatures until a 
crystalline mass was formed. The solid was washed with ether to remove un- 
changed benzyl! chloride and dimethylaniline. A white crystalline product was 
obtained when the solid was dissolved in alcohol and recrystallized by the 
addition of ethy!l acetate. 


Properties 
Dimethylphenylbenzylammonium chloride is a white crystalline solid 
melting at 110° C. It is readily soluble in water and 5% aqueous solutions have 
been kept, in a dark bottle, for several months with no sign of decomposition. 
No noticeable reaction is obtained upon addition of reagent solution to 
0.05 M solutions of the following ions acidified by hydrochloric or hydrobromic 


Ca’, Sr’, Mg’ *, UO."*, Ti ***, Zr’***, Th’***, Ce’’**. Voluminous pale yellow 
precipitates are obtained with Bi’"’ and Sb’"* whilst Cd’’, Hg’’, and Sn’*** 
give a small amount of white precipitate. Lead does not react with the 
reagent but the halide is formed when its solubility is exceeded. 

Reaction occurs, as shown by the immediate formation of a precipitate, 
with dilute acid solutions of ClO,’, MoOQ,’’, WO,”, CreO7’’, VO,’”, and 
Fe(CN).’’”’; no precipitates are formed with Cl’, Br’, C2H;0,’, NO;’, CNS’,. 
10,', CO,;’", C,0,”, PO,’”’, and Fe(CN),’”. Bromine and reagent solution 
produce a yellow precipitate. 

The following results are obtained with chloride solutions of the platinum 
metals: Pd’ ’—pink precipitate, Os'*°'"—yellow precipitate, Ir’ * '—brown 
precipitate, Pt *° —yellow precipitate, Rh’ "—no noticeable reaction. 


Reaction with Platinum 

Hydrous platinic oxide (PtO.«H:O) was prepared by the addition of 
sodium hydroxide to platinic chloride solutions and precipitation with acetic 
acid. The results obtained upon addition of reagent to solutions of this oxide 
in various acids are of interest. Fluffy, yellow, needle-like crystals were slowly 
precipitated from nitrate solutions. A small amount of pale yellow precipitate 
dispersed throughout the solution was obtained with sulphate. The white 
crystalline product obtained from platinum perchlorate solutions was due to 
the reaction between reagent and perchloric acid. Cyanide solutions gave a 
small amount of crystalline white precipitate. From chloride solutions there 
was immediate precipitation of a yellow complex whilst from platinic bromide 
an orange precipitate was obtained. 
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Complete precipitation was approached only in the platinum halide solu- 
tions. Results obtained from standard PtCl,= solution were consistent but 
about 0.2 mgm. low on 10 mgm. samples taken for analysis. From PtBr,= 
solutions, however, complete precipitation was obtained even in solutions con- 
taining 30% of concentrated hydrobromic acid; as little as 0.05 mgm. of 
platinum in 100 ml. of solution (0.5 p.p.m.) gave a noticeable reaction. 

The compound precipitated from tetravalent platinum halide solutions is the 
ammonium salt [(CHs3)2(CsHs) N(CH2CeHs)]2PtXs. The compound obtained 
from platinic chloride solutions was found to contain 23.50% platinum (theo- 
retical 23.45%) whilst that from bromide solutions gave 17.77% (theoretical 
17.76%). The bromide complex has a melting point of 167-168° C.; it can be 
dried at 110° and used as a form in which to weigh platinum with the favorable 
factor of 0.1776. 


Standard Platinum Solutions 


Platinum solutions were prepared from pure platinum sponge obtained from 
Johnson, Matthey, and Mallory, Ltd. Weighed samples of the sponge were 
dissolved in aqua regia and the solutions evaporated on the steam bath. The 
samples were then evaporated to dryness three times with concentrated 

. hydrochloric or concentrated hydrobromic acids, depending on whether a 
PtCle” or a PtBre” standard solution was desired. The residue was then taken 
up in dilute hydrochloric or hydrobromic acid, the solution filtered into a 
volumetric flask, and diluted to the mark. 


Procedure 


Samples of platinic bromide were diluted to 100 ml. and varying amounts 
of bromine free concentrated hydrobromic acid added. Five milliliters of a 5% 
aqueous solution of dimethylphenylbenzylammonium chloride was added, 
with stirring, for each 10 mgm. or less of platinum present. The samples were 
left at room temperature for three hours, then filtered through porous-based 
porcelain crucibles, washed with a 0.1% aqueous reagent solution, and dried 
at 110°C. The weight of the precipitate was multiplied by the theoretical 
factor 0.1776 to obtain the weight of platinum. The results are shown in 
Table I. 

These results show that platinum can be precipitated quantitatively from 
platinum bromide solutions containing widely varying amounts of hydro- 
bromic acid by dimethylphenylbenzylammonium chloride in a form that can 
be dried at 110° and weighed. Excellent results are obtained from nitrate and 
chloride solutions converted to the bromide by evaporating on the steam bath 
in the presence of sodium bromide or hydrobromic acid. Lead does not interfere 
unless the solubility of lead bromide is exceeded nor do most base metals. 

Other platinum metals can be removed by hydrolytic precipitation (2) and 
the platinum determined in the filtrate without difficulty. The filtrate, in this 
instance, is evaporated to dryness, bromate carefully destroyed with hydro- 
chloric acid and then evaporated again on the steam bath in the presence of 
hydrobromic acid to ensure complete conversion to PtBre™. The sample is then 
diluted, filtered, reagent added, and the filtered complex weighed as before. 
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TABLE I 


PRECIPITATION OF PLATINUM BY DIMETHYLPHENYLBENZYLAMMONIUM CHLORIDE 
AND WEIGHING AS THE COMPLEX (CisHigN)2PtBre 











Pt taken, Pt recovered, 
mgm. mgm. Remarks 
1.08 1.08 Solution 0.5% in concentrated HBr 
1.34 1.32 e 
5.38 5.36 sé 
10.06 10.05 = 
21.52 21.52 me 
10.76 10.76 ” 
10.76 10.76 Solution 1% in concentrated HBr 
10.76* 10.78 Solution 2% in concentrated HBr 
10.76* 10.76 Solution 2% in concentrated HBr 
10.76 10.76 Solution 5% in concentrated HBr 
10.76 10.78 Solution 30% in concentrated HBr 
10.86 10.88 PtCl,” solution +5 gm. NaBr evaporated to dryness, 
diluted, and platinum precipitated 
10.86 10.86 PtCl,’” solution + 10 ml. concentrated HBr evaporated, 
diluted, and platinum precipitated 
10.86 10.88 20 mgm. Pb present 
10.86 10.88 20 mgm. Pb + 20 mgm. Fe present 
10.86 10.85 10 mgm. each of Pb, Fe, Cu, Ni, and As present 
10.86 10.84 10 mgm. total of Ir, Rh, Pd present was first removed by 
hydrolytic precipitation and platinum. determined in 
filtrate after destruction of bromate and \conversion to 
bromide 
10.86 10.86 - 





*These results were obtained independently by C. A. Armour, a member of this laboratory. 


Dimethylphenylbenzylammonium chloride—easily prepared from dimethyl- 
aniline and benzyl! chloride—should prove to be a useful reagent for the gravi- 
metric determination of platinum; the favorable factor for the compound 
precipitated from bromide solutions and the volume of precipitate obtained 
is an asset when dealing with small amounts of platinum. 
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abreast cern ste: 


MEASUREMENT OF PRESSURES IN THE TITANIUM IODINE 
SYSTEM USING THE EFFUSION METHOD! 


By A. HERczoc? AnD L. M. PIpGEoN? 


ABSTRACT 


The equilibrium vapor pressures of Til, and Til2, obtained by the simultaneous 
decomposition and evaporation of Til: in the presence of excess Ti, have been 
measured over the temperature range 750-902° K. using the effusion method. 
Thermodynamic data have been calculated for the equilibrium systems: 


2Til2(s) = Ti(s) + Til,(g), 
Til2(s) = Til2(g). 


In the purification of titanium by the Van Arkel-de Boer ‘‘hot wire’’ method, 
the metal is carried as a volatile titanium iodide. While the method has been 
employed extensively, little work has been reported covering vapor pressure 
determinations at elevated temperatures. Blocher and Campbell (1) have 
measured the vapor pressure of titanium tetraiodide, while Fast (5) has 
generally investigated the titanium-—iodine system. Degassed titanium reacts 
with iodine vapor even at room temperature with formation of the tetraiodide, 


‘di-iodide being formed as an intermediary step. At temperatures above 200° C., 


where the vapor pressure of the tetraiodide is appreciable, it reacts with 
titanium to form a di-iodide, and the latter reacts with tetraiodide to form the 
tri-iodide. Above 350°C., the tri-iodide disproportionates in vacuum as 


follows: 
2Til3;(s) = Tile(s) + Til«(g). 


In the presence of an excess of titanium, the tetraiodide vapor formed by 
disproportionation of the tri-iodide reacts with titanium to form di-iodide so 
that in equilibrium conditions, all the iodine present in the system is converted 
to di-iodide. 

It is interesting to observe that in the case of titanium trichloride the con- 
ditions are different. While the tri-iodide decomposes without evaporation, 
the trichloride vaporizes and decomposes simultaneously. An investigation of 
the disproportionation and vapor pressure of the lower chlorides of titanium 
has been done by Farber and Darnell (4) and by Skinner and Ruehrwein (9). 

Above 480°C., the di-iodide vaporizes and decomposes simultaneously 


according to 
Til2(s) — Tils(g); 2Til2(s) — Ti(s) + Til«(g). 


In this system at 480° C. or higher, titanium and the di-iodide are the only 
solid phase components, while in the vapor phase only di-iodide and tetra- 
iodide are present. The purpose of the present investigation was to determine 
the partial pressures of the gas phase under equilibrium conditions. 
1Manuscript received May 22, 1956. 
Contribution from the Department of Metallurgical Engineering, University of Toronto, Toronto, 
Ontario. Published with permission of the Defence Research Board of Ca , 


2A ssociated with P. R. Mallory and Co., Indianapolis, Indiana. 
*Professor of Metallurgical Engineering, University of Toronto. 
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EXPERIMENTAL METHOD 


In order to measure the partial pressures, a spectrophotometric method (11) 
was first considered, but was soon abandoned because of the formation of 
non-transparent titanium deposits on the walls of the container. The effusion 
method and the entrainment method were then considered. In both cases, the 
vapor pressure measurement is based on the analysis of condensed vapors and 
involves the manipulation of substances which are extremely sensitive to 
contamination by water vapor and by oxygen. When the entrainment method 
was used, the danger of contamination appeared to be higher because of the 
large quantities of inert gas flowing through the system. Another difficulty of 
the entrainment method involves choosing the correct flow rate of the inert 
gas for two vapor components. This rate must be low enough to allow satur- 
ation to be achieved but high enough to avoid forward diffusion. It was de- 
cided, therefore, to use the effusion method and to use a manometric method 
to check the calculated total pressure independently. 


Effusion Apparatus 


The apparatus is shown in Fig. 1. The substance is contained in a Knudsen 
cell constructed of titanium metal, and is heated under vacuum in a 1 in. 
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Fic. 1. Diagram of apparatus. 


silica tube connected with a ground joint to the rest of the apparatus made 
from pyrex glass. The titanium di-iodide vapor condensed in the silica tube 
at the end of the furnace. Some tri-iodide was also found, very likely formed 
by reaction of the di-iodide with tetraiodide vapor after effusion from the cell. 
The rest of the tetraiodide vapor was condensed in the liquid air trap con- 
taining glass rings at the bottom to increase the condensation surface. The 
smallest internal diameter of the apparatus was # in. The residual vacuum 
measured by a McLeod gauge was of the order of 10-* mm. The vacuum was 
produced by a three-stage mercury pump. A second liquid air trap (not in 
figure) was used to prevent the condensation of mercury in the apparatus. 
After the runs, the apparatus was filled with argon; which had been dried with 
magnesium perchlorate and purified over a titanium getter (8). The silica 
tube with the liquid air trap was now taken off from the rest of the equipment 
and the open end closed with a rubber stopper while argon was flowing through 
the system. With a rubber gasket around the outer part of the ground joint, 
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the silica tube was inserted into the lock of a dry box manipulator. The lock 
and the apparatus were evacuated and refilled with purified argon from a 
1-gal. heavy-walled rubber bag used for storage of argon and for keeping the 
dry box under pressure. Then the internal vacuum-tight cover of the lock was 
opened, the silica tube pulled into the dry box, the cell transferred to a weighing 
glass, and the silica tube replaced into the ground joint. Subsequently, the 
apparatus with the condensed iodides and the weighing glass with the cell were 
removed from the lock, the cell weighed, and the condensed iodides in the 
apparatus analyzed. The cell was then transferred in another apparatus by 
dry box manipulation and attached to the vacuum system for the next run. 


Preparation of the Sample and Analysis 

Filings of iodide titanium were prepared under argon. The titanium was 
placed in the apparatus shown in Fig. 2, degassed at 800°C. under high 
vacuum, and sealed off from the pump. 


Pyrex 


oo 


Silico, ms 


“vy 

















Titanium ae en lp + Til 


block 


| 


Fic. 2. Diagram of apparatus for the preparation of Tils. 


Iodine and a small quantity of titanium powder were placed in the evacuated 
ampoule provided with a breakable joint and heated to vaporize the contents. 
By this procedure, a small quantity of tetraiodide was produced with the 
object of eliminating traces of moisture or of oxygen from the iodine. After 
the titanium was degassed, the joint was broken at (B) in the vacuum system 
by judicious heating at (A), which collapsed the glass wall under atmospheric 
pressure. The iodine distilled to the silica tube containing the degassed 
titanium. The container, after being sealed off, was kept for several days at 
440° C. in order to complete the conversion to di-iodide. The reaction was 
followed by pulling out one end of the container from the furnace to observe 
any condensation of tetraiodide, which would indicate the presence of tri- 
iodide. The silica container was then opened in the dry box, the contents 
crushed, and transferred to the cell. The cell contained approximately 1.5 gm. 
titanium and 1.7 gm. titanium di-iodide. Four samples were prepared for all runs. 

At the end of the run, the iodides condensed in the apparatus were dissolved 
in 5% sulphuric acid and the solution was precipitated with ammonia. The 
precipitate was dissolved in hot 5% sulphuric acid; the solution after reduction 
with nascent hydrogen and collection in a ferric solution was titrated with 
N/20 KMnQ,. The filtrate was acidified with acetic acid and titrated with 
N/20 AgNO; solution using eosin as an adsorption indicator according to 
Fajans (3). The iodine analysis was sufficiently exact for all cases, but the 
volumetric method used for titanium when the smallest quantities were being 
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determined was replaced by a colorimetric method. The analytical results 
agreed, within the experimental error, with the loss in weight of the cell. 


Experimental Results 
For the effusion method, the vapor pressure is calculated from the formula 


of Knudsen (7) 
P = (m,/K.A)V/2aRT/M, 


where m; is the effusion rate per unit of time, A the area of orifice, M the 
molecular weight, and K a correction factor for the wall thickness of the orifice. 
For P expressed in mm., the effusion rate m, in mgm./hr., and all other 
quantities in c.g.s. units, the following formula is obtained: 


P = (4.76X10-° m./KA)V/T/M. 


This equation was used to calculate the partial pressures either of the Til: 
vapor or of the Til, vapor by inserting the appropriate values of m, and of M. 
Three different sizes of orifice were used, as shown in Table I, where the 
critical dimensions are: A, area; /, wall thickness; a, radius of the orifice; and 
K, the correction factor (calculated according to Clausing (2)). The results 
of the experiments are given in Table II, and the values of log P are plotted 
against 1/T in Fig. 3. 











TABLE I 
Orifice No. A, cm.? 1, cm. a, cm. K 
1 0.0177 0.0356 0.0751 0.81 
2 0.0095 0.0326 0.0550 0.77 
3 0.00256 0.0228 0.0285 0.72 





log P (mm) 


log P (mm) 
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Fic. 3. Plot for the calculation of AH. 
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TABLE II 
Effused material, 
mgm. /hr. P Til P Til: 
7K. Time, hr. Orifice No. Til, Til, 103 mm. X10? mm. 

750 91.3 1 0.19 0.19 0.073 0.10 
758 22.0 1 0.31 0.34 0.12 0.18 
791 27.2 1 1.33 1.02 0.53 0.55 
795 22.8 1 1.42 1.25 0.56 0.68 
805 22.0 2 1.05 0.83 0.82 0.88 
810 19.0 1 2.88 2.73 1.16 1.49 
811 21.0 2 1.47 1.01 1.15 1.08 
813 18.4 1 3.70 2.15 1.49 1.18 
850 16.4 2 8.11 3.65 6.51 3.96 
852 2.0 1 15.92 9.08 6.55 5.08 
853 4.7 2 10.78 5.43 8.67 5.92 
854 7.8 2 8.22 4.77 6.61 5.19 
856 16.2 3 2.46 1.21 7.91 5.27 
859 2.0 1 17.28 12.97 731 7.25 
900 3.5 3 9.88 5.85 32.6 26.2 
901 2.0 2 46.11 17.78 38.1 20.0 
902 2.0 2 53.05 24.57 43.9 27.5 
902 15.0 3 10.27 4.98 33.9 22.3 





DISCUSSION 

To calculate the partial pressures from the analyzed quantities of iodine 
and titanium, the basic assumption has been made that the effusing vapor 
consists of Til, and Til, molecules only. This assumption is based on the fact 
that under equilibrium conditions in the presence of an excess of titanium, 
Til: is the only stable compound in the solid phase (at temperatures above 
350° C.) and at higher temperatures the di-iodide sublimes and simultaneously 
decomposes according to the reaction 


2Til2(s) = Ti(s) + Til,(g). 
Another possible reaction for the decomposition of Til; 
3Til2(s) = Ti(s) + 2Tils(g) 


has not been considered because (and this is a basic difference from the be-— 
havior of titanium chlorides) there is no experimental evidence that Tils 
vapor can be produced. Til; crystals decompose without evaporation to 
Tils(s) + Til.(g), as observed at lower temperature. However, it is possible 
that, at higher temperatures, in the presence of a higher pressure of Til, and 
Til, vapor, the conditions of stability for Til; vapor are improved. The 
question of whether or not Til; is present in the vapor phase cannot be decided 
by chemical analysis of the effused vapors because the di-iodide may react 
with the tetraiodide vapor after the effusion at lower temperature with 
formation of tri-iodide. Since no other experimental data are available, and 
no heat of formation of the iodides is known, the question remains undecided. 
However, it is considered unlikely that under the present experimental con- 
ditions Til; vapor was present in appreciable quantities. The presence of Til; 
vapor, if any, would decrease the partial pressures and the AH values both 
for the sublimation and the decomposition of Tilk. 
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The measurements of the sublimation and decomposition pressure of Til, 
in the presence of an excess of titanium were performed over a range of tempera- 
ture from 750 to 902° K. The sublimation pressure varied from 0.0001 to 
0.027 mm. and the decomposition pressure from 0.000073 to 0.044 mm. The 
lower limit was determined by the time necessary to produce sufficient quanti- 
ties of effused material for analysis and the higher limit by the condition of free 
molecular flow within the experimental error. The measured residual pressure 
was of the order of 10-* mm. The furnace temperature was controlled with a 
regulator to +2 to +4°C. for runs of one or more days. Since the effused 
quantities of Til, and Til, are calculated from analytical values of titanium 
and iodine, a small error in the determination of the smaller quantity (titanium) 
produces a larger error in the ratio Til,/Til,. Great care was taken to avoid 
contamination of the material with water vapor and atmospheric gases be- 
cause it was found that smallest quantities of oxygen (10) in the form of a 
surface contamination have a long-lasting effect on the equilibrium pressure. 

The thermodynamic functions reported in Table III have been calculated 
from the experimental data using the ‘‘2-plot’’ method described by Kelley (6). 
The specific heat functions required for the calculation have been estimated 
by comparison with other molecules, especially chlorides of titanium and 
chlorides and iodides of other metals, whose properties are known. The details 
of the method of estimation, although simple enough in principle, are too 
tedious for discussion here. 














TABLE III 
Decomposition Sublimation 
2Til(s) = Ti(s) + Til,(g) Til2(s) = Tils(g) 
AC,, cal./mole —3.6—4.2 T.10-3 —1.75—2.6 7.1073 
AH, ve 59,400-3.6 T-2.1 T*.10-8 49,000-1.75 7-1.3 T?.10- 
AF’, ss 59,400+3.6 T In T 49,000+1.75 T In T 
+2.1 7?.10-*-72.9 T +1.3 T*.10-?-46.6 T 
AHas, kcal./mole 58.1 48.4 
ASogs, €.u. 47.3 34.2 
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THE ADSORPTION OF NITROGEN BY BROMINATED CHARCOAL! 


By H. L. McDERmMotT 


ABSTRACT 


The adsorption of nitrogen has been measured at 78° K. for two charcoals 
which have been brominated and heat-treated at a variety of temperatures. In 
no instance did removal of the sorbed bromine by heat-treatment bring about 
activation of the charcoal. The ‘‘densities’’ of bromine sorbed by charcoal have 
been calculated from the volumes of nitrogen sorbed by charcoal containing 
varying amounts of residual bromine. In all cases, the ‘‘density’’ of sorbed 
bromine was found to be less than that of solid bromine. 


INTRODUCTION 


In an earlier paper (4), experimental work was presented on the adsorption 
of nitrogen by a series of brominated graphites and by one brominated carbon 
black. It was shown that for all the carbons, the surface area as measured by 
nitrogen adsorption gradually increased as bromine was removed. However, 
the carbons behaved differently after all the bromine was removed by treat- 
ment at high temperatures. In the case of the graphites, the surface area 
measured after heat-treatment at 1000°C. appeared to be related: to the 
crystallite size of the untreated graphite. Thus the surface area of the graphite 
of largest crystallite size after bromination and heat-treatment at 1000° C. 
was found to be less than that of the starting material. After the same treat- 
ment, the area of the graphite of smallest crystallite size was observed to be 
greater than that of the original material, i.e., it had clearly been activated 
by the combination of bromination and heat-treatment, Similar results were 
obtained with a carbon black after bromination and heat-treament at 600° C. 
In both cases of activation, the increase in surface area was evidently achieved 
by a reduction in particle size, because in neither case was there evidence of 
an increase in porosity of the carbon. 

. Activated charcoal consists of crystallites which are more highly dis- . 
organized than those of the graphites. The carbon planes of the crystallites 
have approximately the same c spacing as those of graphites, but are randomly 
oriented around a perpendicular to the planes. These crystallites are formed 
at an early stage in a high temperature activation process before any appreci- 
able surface area has developed. The crystallite surface area is exposed on 
removal of material between the crystallites (1). One of the traditional acti- 
vating agents for charcoal is chlorine, which presumably removes excess carbon 
as carbon tetrachloride. At the end of this process further activation produces 
no further increase in surface area and indeed may bring about a decrease by 
crystal growth. However, in our previous work (4) it was found possible to 
activate a porous but well-defined graphite and a non-porous carbon black by 
bromine sorption followed by high temperature treatment. It was therefore 
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thought to be of interest to do similar work using as sorbents two highly 
activated charcoals. In addition it was hoped that such experiments would 
afford an opportunity to make an indirect measurement of the ‘‘density”’ of 
the sorbed bromine. 


EXPERIMENTAL AND RESULTS 


Two activated charcoals were chosen for this study. The first of these was 
a coconut shell charcoal some of whose properties have been given by 
McDermot and Arnell (3). The second was a charcoal manufactured by the 
Norit Co. and designated by them as Norit RG-1. 

The nitrogen was supplied by the Canadian Liquid Air Co. and was stated 
to be 99.5% pure. 

The experimental technique for bromination of the samples, removal of the 
bromine, and measurement of the low temperature nitrogen isotherms was 
similar to that already described (4). In one of the runs with Norit no attempt 
was made to remove the bromine. The freshly saturated sample was trans- 
ferred to the sorption cell, cooled to 78° K., and evacuated to remove the air 
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in the cell. The only bromine lost was that which desorbed while the sample 
was being transferred to the sorption cell. . 

Fig. 1 presents some of the isotherms measured for nitrogen sorbed by the 
coconut shell charcoal and by a sample of the same charcoal which had been 
brominated and evacuated successively at room temperature, 100°, and 300° 
and heat-treated at 600° and 1000° C. It will be seen that the isotherm meas- 
ured after the brominated charcoal was heated to 600° C. coincides with that 
of the untreated charcoal. The isotherm following the 1000° C. heating lies 
below that of the untreated charcoal. Fig. 2 shows the nitrogen isotherms for 
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Norit RG-1 and for the same charcoal which had been brominated, evacuated 
at 250 and 400° C., and finally heat-treated at 600° C. It will be noted that 
the isotherm measured after treatment at 600° C. lies a little above that for 
the untreated charcoal. 

Both charcoals were found to suffer net losses in weight as the result of 
the heat-treatments at 600° C. and 1000° C. These are given in Table I, which 
lists the original weights of the samples and the weights after heat-treatment 
at these temperatures. 
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TABLE I 
Charcoal, gm. 
Treatment Coconut shell Norit 
Original weight 0.536 1.084 
Weight after the 600° treatment 0.528 0.971 
Weight after the 1000° treatment 0.460 — 





The losses in weight, which are as high as 12% of the original weight of the 
sample, are believed to be the result of combined losses of carbon and bromine, 
presumably in the form of carbon tetrabromide. It should be noted in this con- 
nection that the loss of carbon did not bring about any appreciable activation 
of either charcoal. 

It was observed that, with the exception of the isotherm measured immedi- 
ately after Norit was saturated with bromine, all of the isotherms were of 
exactly the same shape. It was found possible to make the isotherms of the 
brominated samples coincide approximately with that of the untreated sample 
by addition of constants to volumes adsorbed. The degree of coincidence is 
illustrated for the coconut shell and Norit charcoals by Figs. 3 and 4 re- 
spectively. In these calculations, the volumes of gas to be added to the iso- 
therms of the brominated charcoals were chosen by making the isotherms 
coincide at P/P,) = 0.4. The volumes so obtained, the quantities of bromine 
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retained by the charcoals after each treatment, and the calculated values 
for the ‘“‘density’’ of the adsorbed bromine are presented in Table II. It 
is assumed that since the upper parts of the isotherm coincide, the pores © 
fill with liquid nitrogen to the same degree in both the treated and untreated 
samples. The volume of the sorbed bromine is then simply equal to the volume 
displacement required to make the isotherm of the brominated charcoal 
coincide with that of the untreated charcoal. It is further assumed that the 
sorbed nitrogen has the same density as that of the bulk liquid. 











TABLE II 
Treatment Volume of Weight Br: 
temperature, liquid Ne sorbed, “Density” of bromine, 
Charcoal "€. added, cc. gm./gm. gm./cc. 
Coconut shell 25 0.144 0.35 2.4 
Coconut shell 100 0.104 0. 2.2 
Coconut shell 300 0.036 0.11 3.1 
Norit No evacuation 0.526 1.19 2.3 
Norit 250 0.114 0.18 1.6 
Norit 400 0.093 0.09 1.5 
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DISCUSSION 


The isotherms displayed in Figs. 1 and 2 demonstrate that no activation 
occurred when these brominated charcoals were heated to high temperatures. 
In fact the very opposite occurred in the coconut shell charcoal on bromination 
and heat-treatment at 1000° C. The absence of activation would appear to 
indicate that the charcoals underwent their maximum activation at the time 
of manufacture and that further efforts in this direction were useless and in 
one case caused sintering. 

The “‘densities’’ given in Table II were calculated assuming that the sorbed 
liquid nitrogen has the same density as the bulk liquid. It would probably be 
more accurate to assume that the sorbed liquid nitrogen is somewhat less dense 
than the bulk liquid. McDermot and Tuck (5) have shown that water sorbed 
by charcoal is about 5% less dense than the bulk liquid. Since water and nitro- 
gen molecules do not differ very much in size, it would be reasonable to suppose 
that sorbed liquid nitrogen was also about 95% as dense as the bulk liquid. 
The densities calculated on this assumption are given in Table III. 











TABLE III 
Treatment Volume of Weight Bre 
temperature, liquid Nz sorbed, “Density” of bromine, 
Charcoal a ee added, cc. gm./gm. gm./cc. 
Coconut shell 25 0.152 0.35 2.3 
Coconut shell 100 0.111 0.23 2.1 
Coconut shell 300 0.038 0.11 2.9 
Norit No evacuation 0.560 1.19 2.1 
Norit 250 0.121 0.18 1.5 
Norit 400 0.099 0.09 1.4 





It will be noted that they are somewhat lower (5 to 10%) than those listed 
in Table II. The density of solid bromine is 3.4 gm./cc. at its freezing point (2). 
The density at 78° K. is not available, nor are data available which allow for 
its calculation. However, it can be safely assumed that it is somewhat greater 
than the value 3.4 gm./cc. The values for the ‘density’ of sorbed bromine 
which are listed in Tables II and III are all considerably lower than that of the 
bulk solid. McDermot and Tuck (5) postulated that water sorbed by charcoal 
was less dense than the bulk liquid because the water molecules packed less 
efficiently in pores of molecular dimensions than in bulk. It is suggested that 
this explanation also applies in the present case and that the much greater 
reduction in ‘‘density’’ of the sorbed bromine with respect to the bulk solid 
is due to the fact that bromine molecules are much larger than those of water. 
It will be noted that the ‘‘density’’ of the bromine sorbed by the Norit is less 
than that of the bromine sorbed by the coconut shell charcoal. The reason for 
this is thought to be that the Norit possesses smaller pores on the average than 
the coconut shell charcoal. Hence, the packing would be expected to be less 
efficient in the smaller pores than in the larger. 

No attempt has been made to correlate the ‘‘density”’ of the sorbed bromine 
with the amount of bromine sorbed by the charcoals. It is considered that the 
“‘densities”’ are not sufficiently accurate for such a correlation. 
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ON THE STRUCTURE OF AGAR FROM 
GELIDIUM CARTILAGINIUM! 


By A. N. O'NEILL AND D. K. R. STEWART 


ABSTRACT 


Agar from Gelidium cartilaginium has been analyzed for p-galactose, 3,6- 
anhydro-L-galactose, and sulphate. From these analyses and a study of the 
products of mercaptolysis it is suggested that agar from this source be repre- 
sented as a chain of alternating D-galactose and 3,6-anhydro-L-galactose residues 
with a half-ester sulphate on about every 10th galactose unit. 


Agar, a polysaccharide of certain red algae, has been known for many years, 
and its molecular structure has been extensively investigated (7, 13). How- 
ever, no general agreement has been reached possibly because of the use of 
commercial preparations of uncertain origin and purity and the lack of a 
satisfactory analytical method for the determination of 3,6-anhydro-L-galac- 
tose. That this sugar is a component of agar has been recognized for some 
time (3, 5, 6, 10, 11), but the amount has been variously reported as from 7 to 
18%. With p-galactose at 60% and sulphate at 1-5%, a considerable portion 
of this polysaccharide remains unidentified. 

It is known that the D-galactose residues are joined through C; and C; in 
B-glycosidic linkages, and through the isolation and characterization of a 
disaccharide, 4-O-p-galactopyranosyl-3,6-anhydro-L-galactose, from an acid 
hydrolyzate of agar, Araki (1, 2) has shown that the 3,6-anhydro-L-galactose 
units are joined through C, to C; of a neighboring p-galactose residue. 

Since agar appeared to have a structural resemblance to x-carrageenin it 
was thought desirable to apply some of the methods developed during the 
investigation of the latter (8, 9) in an attempt to clarify some of the structural 
features of agar. 

The polysaccharide was prepared from Gelidium cartilaginium and subjected 
to extensive purification. Galactose was determined after acid hydrolysis by 
quantitative paper chromatography. The 3,6-anhydro-L-galactose was esti- 
mated spectrophotometrically in the acid hydrolyzate as 5-hydroxymethyl-2- 
furaldehyde by the method described previously for x-carrageenin (8, 12). 
The results are shown in Fig. 1. The following analyses for agar are averages 
of duplicate determinations: galactose, 53.5%; 3,6-anhydro-L-galactose, 38.1; 
sulphate, 4.1. The ratio of D-galactose to 3,6-anhydro-L-galactose residues is 
about 6:5. This is the same ratio as was found for x-carrageenin. 

Samples of agar were suspended in aqueous sodium metaperiodate, and the 
periodate consumption was measured iodometrically. No reaction was demon- 
strable after 250 hr. so that no monosaccharide residue in agar contains con- 
tiguous hydroxy! groups. 

After agar had been subjected to mercaptolysis as described previously for 

1Manuscript recewed August 13, 1956 
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Fic. 1. The formation and decomposition of 5-hydroxymethyl-2-furaldehyde during the 
hydrolysis of agar in 1.25% concentration at 100° with 0.15 N sulphuric acid. Optical density 
was determined on a 1 — 250 dilution at 2850 A. 


x-Carrageenin the diethylmercaptals of D-galactose and 3,6-anhydro-L-galactose 
were isolated in almost equal yields. This confirms the work of Araki (4) on 
the exhaustive mercaptolysis of commercial agar. The material remaining 
after removal of these monosaccharide derivatives appeared, from paper 
chromatographic studies, to consist almost entirely of one disaccharide deriva- 
tive. This has not yet been obtained in crystalline form. 

The structures proposed previously for agar must therefore be revised, 
particularly with regard to the amount of the 3,6-anhydro-L-galactose compo- 
nent. With the exception of the number of half-ester sulphate residues it must 
be very similar to x-carrageenin. If an unbranched chain is assumed, as is 
suggested from methylation, then the molecule of agar from Gelidium cartil- 
aginium can be represented by a chain of alternate p-galactose and 3,6-an- 
hydro-L-galactose residues with a half-ester sulphate on about every 10th 
galactose unit. The p-galactose residues are joined through C, to Cj of neigh- 
boring 3,6-anhydro-L-galactose moieties and the latter through C, to C; of 
adjacent D-galactose residues. This disregards the presence of L-galactose but 
its amount, in any case, is very small (< 1%) and it may well arise from a 
contaminating polysaccharide. 

Such a structure is consistent with the instability of agar solutions to dilute 
acid. The 3,6-anhydro-L-galactose residues, which contain both a pyranose 
and a hydrofuranol ring, would be under considerable strain. The resulting 
highly strained glycosidic bonds involving C, of these residues would be 
expected to undergo rapid hydrolysis under relatively mild conditions. This 
would result in the formation of 3,6-anhydro-aldehydo-L-galactose, which in 
turn undergoes a series of dehydrations with ring rearrangement to give 
5-hydroxymethyl-2-furaldehyde. 
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EXPERIMENTAL 


Preparation of Agar 

Finely ground dry Gelidium cartilaginium (200 gm.) was extracted with 
4 liters of water at 100° for two hours. The hot extract was filtered through 
muslin and centrifuged while still hot until a clear solution was obtained. This 
set to a stiff gel on cooling, was frozen overnight, and allowed to thaw on 
muslin whereby. much of the water drained off. The gel was redissolved in 
4 liters of water at 90° and the freezing and thawing repeated. The whole 
sequence was repeated an additional six times with the exception that the hot 
solution was centrifuged at 12,000 r.p.m. before freezing. The final gel was 
washed extensively with cold water, dehydrated with alcohol and acetone, 
washed with ether, and dried to yield 11 gm. of a fine white powder. Analyses: 
galactose, 53.5%; 3,6-anhydro-L-galactose, 38.1; sulphate, 4.1. . 


Mercaptolysis of Agar 

Agar (5.3 gm.) was weighed into a three-necked flask fitted with a stirrer 
through a precision ground glass fitting and contained in an ice and water 
bath at 0°. Concentrated hydrochloric acid (70 ml.) at 0° was added slowly 
with stirring. When a thin slurry had been obtained ethyl mercaptan (30 ml.) 
was added dropwise and the mixture stirred at 0° for three hours. The tempera- 
ture was increased to 14—15° and the stirring continued for 48 hr. 

The resulting brown solution was poured with stirring into a suspension of 
150 gm. of lead carbonate in 250 ml. of water at 0° and filtered. The filtrate 
and washings were saturated with hydrogen sulphide and the precipitate re- 
moved by filtration. The acidic solution so obtained was deionized by aeration 
with nitrogen in the presence of exchange resins Amberlites IR-100 and IR-4B. 


D-Galactose Diethyl Mercaptal 

The above neutral solution was concentrated under reduced pressure until 
crystallization commenced. After 24 hr. at 5° the crystalline material was 
recovered and the concentration repeated until no further crystalline material 
was obtained. In this manner 710 mgm. of D-galactose diethyl mercaptal was 
obtained, m.p. 142-143°, [a]?* —4.2° (c 1.0, water). 


8,6-Anhydro-L-galactose Diethyl Mercaptal 

The mother liquor obtained after crystallization of the D-galactose diethyl 
mercaptal was continuously extracted with ether for 24 hr. When the ether 
solution was cooled to 25° an additional 295 mgm. of D-galactose diethyl 
mercaptal was obtained. Concentration of the ether solution to a small volume 
and cooling to 5° yielded 1.04 gm. of crystalline 3,6-anhydro-L-galactose diethyl 
mercaptal, m.p. 111—112°, [a]?* +10° (c 1.0, water). 


The Residual Mercaptolyzate 

The aqueous solution remaining after the extraction with ether was concen- 
trated under reduced pressure to a thick sirup which was further dried by the 
distillation of added ethanol, yield 2.3 gm. All attempts to crystallize this 
material failed. Paper chromatographic studies indicated essentially a single 
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component which moved at about the same rate as 4-O-8-D-galactopyranosyl- 
3,6-anhydro-D-galactose diethyl mercaptal (9). Acetylation of the sirup with 
pyridine and acetic anhydride in the usual manner yielded 3.5 gm. of acetate, 
which has also resisted crystallization. 


NOP ONDE 
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THE BIOGENESIS OF ALKALOIDS 


XVII. FURTHER STUDY OF THE ROLE OF ORNITHINE IN THE 
BIOGENESIS OF STACHYDRINE! 


By ARTHUR MORGAN? AND LEO MARION 


ABSTRACT 


Earlier attempts to feed ornithine-2-C™ to Medicago sativa L. Grimm had failed 
to produce any labelled stachydrine. Repetition of the work has confirmed this 
result, and a study of the amino acids present in the plant has shown that the 
proline also was inactive. Feeding pyridoxine with ornithine-2-C™ to the plant 
did not produce active stachydrine, but gave rise to radioactive proline. Of the 
other amino acids present, glycine, aspartic acid, and glutamic acid were also 
active. A similar feeding experiment with radioactive ornithine and pyridoxine, 
using older plants, also failed to produce active stachydrine although, as before, 
the proline was active and so was the keto acids fraction. 

The results seem to indicate that ornithine may be the precursor of stachydrine, 
but that the transformation to proline and the methylation to the alkaloid occur 
at a later stage of growth, possibly at seed formation. 


In a recent study of the role of ornithine in the biogenesis of stachydrine, 
Leete, Marion, and Spenser (6) administered ornithine-2-C™ to two-week-old 
alfalfa seedlings (Medicago sativa L. Grimm), and after 10 days harvested the 
plants and isolated the stachydrine, which, however, was not active. This 
could have been due to one of two reasons, i.e., that the synthesis of stachydrine 
might occur at a later stage in the plant’s development, in which case the 
isolated material would have been translocated from the seeds, or that orni- 
thine might not be the precursor of stachydrine in alfalfa. 

It was decided to investigate the metabolism of ornithine in this plant with 
particular reference to the other amino acids. Vickery (10, 11) has shown that 
alfalfa contains lysine, arginine, asparagine, and tyrosine. Two-dimensional 
paper chromatography has now revealed the following additional amino acids: 
alanine, aspartic acid, glutamic acid, glycine, isoleucine, leucine, phenyl- 
alanine, proline, serine, threonine, and valine. 

In a first experiment, alfalfa was grown under the same conditions as previ- 
ously described (6) except that the plants were harvested on the 19th day, 
after 14 days in contact with ornithine-2-C". The plants were extracted as 
before (6) and the protein-free extract was divided into two portions. The 
larger (85%) was used for the isolation of stachydrine, which was found to be 
inactive, thus confirming the previously reported findings (6). The smaller 
portion was evaporated to dryness, the residue dissolved in 0.5 N acetic acid, 
chromatographed on Dowex 1-X8, and eluted as described by Hirs, Moore, 
and Stein (5). This treatment permitted the isolation of glutamic and aspartic 
acids and gave a forerun which on further chromatography on Dowex-X4 
yielded the neutral and basic amino acids. Glutamic acid and aspartic acid 

1 Manuscript received August 29, 1956. 
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were found to be radioactive as well as ornithine and glycine. The proline was 
inactive. 

It is obvious that at least up to 19 days of growth the plant is incapable of 
converting ornithine into either stachydrine or proline. If the plant synthesizes 
the alkaloid at a later stage of growth only, it was thought that a substance like 
pyridoxine known to catalyze many reactions of amino acids might induce the 
plant to produce the pyrrolidine ring. 

In a further experiment, pyridoxine in a concentration of 4X 10-* M (1) was 
added to the nutrient solution fed to alfalfa seedlings growing in contact with 
ornithine-2-C™, After harvesting, the plant was extracted as before and the free 
amino acids and the stachydrine were isolated. The stachydrine was inactive, 
but there was appreciable activity in the proline. Glutamic and aspartic acids, 
which in this case were not completely separated, were also active and, 
although an accurate assay was not possible, it appeared that the former was 
the more active. 

It was hoped that older plants might be able to utilize the active proline 
produced in the plant from labelled ornithine under the influence of pyridoxine. 
Thirty-six 12-week-old alfalfa plants grown in soil were therefore transferred 
to hydroponic solutions containing ornithine-2-C" and pyridoxine in the same 
concentration as before and were grown for three days, the roots being kept 
in darkness. After this time the leaves showed appreciable activity, so that the 
plants were harvested and the roots separated from the aerial portions of the 
plants. Each part was worked up separately for alkaloids and it was found that 
the aerial parts contained much more stachydrine than the roots. After re- 
crystallization, however, the stachydrine was found in both cases to be in- 
active. Analysis of a mixture of root and aerial extracts showed that as before, 
the glutamic acid, aspartic acid, and proline contained most of the activity 
present in the free amino acids. The keto acids isolated by the method of 
Virtanen (12) were also fairly active. 


EXPERIMENTAL 
Feeding and Extraction of 19-day Alfalfa 


Alfalfa seeds (20 gm.) were dusted with the fungicide Semesan and spread 
evenly on top of a double layer of wetted Whatman’s No. 1 filter paper in two 
glass trays. These were kept in a germinating cabinet for one week, the only 
addition being distilled water. After this period they were brought into the 
open and fed with ornithine-2-C™ (13.36 mgm., with a specific activity of 
4.81 X10’ disintegrations per minute per millimole, and a total activity of 
3.87 X 10° d.p.m.) dissolved in water (20 ml.). After 12 days the plants were 
extracted with boiling water as previously described (6). The extract contained 
21% of the activity administered to the plants. The protein was precipitated 
with lead acetate and filtered off. The excess lead was removed with hydrogen 
sulphide and the filtrate concentrated to 100 ml. 

A portion (85 ml.) of this solution was evaporated to dryness and the residue 
(3.6 gm.) worked up as usual for stachydrine and choline by means of the 
reinecke salts. For an initial purification the reineckates were dissolved in 
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acetone (10 ml.), chromatographed on alumina, and eluted with acetone. 
Evaporation of the eluate gave a pink crystalline mass (0.56 gm.) of mixed 
stachydrine and choline reineckates which were separated as previously de- 
scribed (6) and converted to the chlorides. 

The remaining 15 ml. of plant extract was evaporated to dryness and dis- 
solved in 0.5 M acetic acid (5 ml.). A column of Dowex 1-X8 ion exchange resin 
(33 X2.1 cm.) was prepared according to Hirs, Moore, and Stein (5) and 
percolated for 24 hr. with 0.5 M acetic acid. The solution was added and the 
material eluted with 0.5 M acetic acid at a flow rate of 35 ml. per hour. 
Fractions were collected at 12 min. intervals and a sample (0.25 ml.) from 
every alternate fraction was analyzed by paper chromatography. The dried 
samples were dissolved in methanol (0.05 ml.), spotted on Whatman’s No. 1 
filter paper, and chromatographed unidirectionally in propionic acid — methyl 
ethyl ketone — water (25: 75: 30) (2). The results are given in Table I. 


TABLE I 
FRACTIONS FROM DowEX 1-X8 COLUMN 











Fractions Wt. in Specific 
No. Substance mgm. activity* 
_ 9-15 Neutral and basic amino acids, keto acids, etc. 582 — 
27-39 Glutamic acid 66 1.1110 
65-80 Aspartic acid 50 0.89 X 104 





*Specific activity is given in disintegrations per minute per millimole. 


Fractions 9 to 15 were combined and evaporated to dryness and the residue 
dissolved in. N hydrochloric acid (5 ml.). Dowex 50-X4 ion exchange resin was 
prepared as described by Moore and Stein (7), slurried in 2 N hydrochloric 
acid, and poured to form a column (60X2.1 cm.). The column was washed 
with N hydrochloric acid for 12 hr. before the solution was added. Elution 
was done with hydrochloric acid at a rate of flow of 45 ml. per hour and 
fractions were collected every 12 min. The hydrochloric acid used for elution 
was normal at the beginning but the concentration was gradually increased to 
4 N. Samples from every alternate tube were analyzed as above and the results 
are given in Table IT. 


Feeding and Extraction of 12-week-old Alfalfa 

Thirty-six 12-week-old alfalfa plants which had been grown in soil were 
washed well with water, and each plant was supported with the roots in a 
beaker containing aerated nutrient solution (200 ml.) (3) to which pyridoxine 
had been added at a concentration of 410° M (1). The roots were kept in 
darkness. After one day, ornithine-2-C'* (60.2 mgm., specific activity 4.81 107 
d.p.m. per millimole or total activity 1.74107 d.p.m.) in water (50 ml.) was 
distributed equally between the 36 plants. After three days, activity was 
detectable in the leaves and the plants were harvested. The aerial parts 
(41.5 gm.) were separated from the roots (20 gm.) and after being washed, each 
portion was extracted separately by the same procedure as before. The roots 
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; TABLE II 
CHROMATOGRAM ON DowEx 50-X4 











Fractions Specific 
No. Substance Wt. in mgm. activity* 
55-79 Serine 10 — 
81-87 Threonine 10 _ 
97-117 Glycine 22 0.33 X 10* 
118-137 Alanine 40 
155-175 Valine 60 
183-193 Proline 40 
201-209 Methionine 18 
249-267 Isoleucine 95 
269-289 Leucine 44 
351-371 Ornithine 40 5.5 X10* 





*Specific activity given in disintegrations per minute per 
millimole. 


(activity 6.57105 d.p.m.) were much more active than the aerial portion 
(activity 1.22105 d.p.m.) probably owing to some adsorbed ornithine not 
completely removed by washing with water. After precipitation of the protein 
as described above, aliquots (65%) of each extract were used for the isolation 
of stachydrine. The stachydrine content of the aerial portion (97 mgm.) was 
much greater than that of the roots (16.7 mgm.). In both cases the alkaloid 
was inactive. 

The remaining portions of the two extracts were combined and analyzed for 
amino acids exactly as before on a Dowex 1-X8 column. The basic and neutral 
amino acids plus keto acids weighed 1196 mgm. The isolated glutamic acid, 
45 mgm., had a specific activity of 1.6410‘ d.p.m. per millimole, and the 
aspartic acid, 23 mgm., had a specific activity of 1.58 X 10‘ d.p.m. per millimole. 

The neutral and basic amino acids and keto acids were separated on Dowex 
50-X4 as before. The proline fraction contained 10.6% of the total activity 
applied to the column (6.04 X 10‘ d.p.m.) and had a specific activity of 4.84 X 10* 
d.p.m. per millimole. The forerun from the column contained the plant acids 
and keto acids, which accounted for 21% of the total activity of the chromato- 
gram. The 2,4-dinitrophenylhydrazones of the keto acids isolated and purified 
by the method of Virtanen (12) had about 30% of the activity of the forerun. 


DISCUSSION 


The present experiments show that under the conditions used by Leete, 
Marion, and Spenser (6), the metabolic pathway ornithine—proline is blocked. 
The principal pathway by which proline is synthesized in animal tissues (8, 9) 
and in molds (4) is from glutamic acid through the semialdehyde and pyrroline 
carboxylic acid, and in these systems glutamic acid is also the precursor of 
ornithine. Since in alfalfa ornithine is converted to glutamic acid it must be 
concluded, provided the biogenetic pathway be the same, that the block is 
between glutamic acid and proline. 

When both pyridoxine and ornithine-2-C“ were added to the nutrient 
solution, the glutamic acid as well as proline was radioactive although the 
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stachydrine was again inert. The specific activity of the glutamic acid was 
higher than that of the proline, and this suggests that the former may have 
been the precursor of proline. 

Assuming that stachydrine is produced in the plant from proline by methy]l- 
ation, it seems legitimate to conclude that up to 12 weeks the alkaloid is not 
being synthesized in alfalfa. Even in the presence of pyridoxine, the 
proline—stachydrine pathway is still blocked, i.e., methylation does not take 
place. Since stachydrine is stored in the seeds it may be assumed that it is 
synthesized only during the late flowering stages, at the period of seed forma- 
tion. Experiments are underway in which it is hoped to induce methylation 
to take place at an earlier period of growth. 
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THE GAS PHASE PHOTOLYSIS OF ACETIC 
AND PROPIONIC ANHYDRIDE! 


By P. AusLoos? 


ABSTRACT 
The photolysis of acetic anhydride has been reinvestigated in the temperature 
He ion from 30 to 195° C. Two primary processes occur with about equal proba- 
ility: 
(CH;CO),0 + hy = CH;COO + CH;CO, 
(CH;CO).0 + hy = CH:CO + CH;COOH. 


Analogous primary processes have been proposed for the photochemical 
decomposition of propionic anhydride. 
The abstraction reaction: 


CH; + (CH;CO),0 = CH, + CH;COCOOCH; 


is of importance, and the results indicate that it has an activation energy of about 
9.6 kcal./mole. 


EXPERIMENTAL 


Acetic and propionic anhydride were obtained from the Eastman Kodak 
Company (White Label) and thoroughly outgassed in the vacuum line. 

The light source used in all experiments was a Hanovia (16A-13) SH type 
medium pressure lamp. The intensity was varied by means of gratings; no 
other filters were used in this work. 

The gas phase photolysis was carried out in a cylindrical quartz cell about 
10 cm. long (180 cm.*). Pressures were measured by means of a U-tube mercury 
manometer which also served to isolate the cell from the remainder of the 
apparatus. Since the vapor pressure of acetic anhydride was only about 0.6 cm. 


' at 25° C., the external parts of the reaction system were electrically heated. 


The analysis system consisted of three traps, a low temperature fractionating 
column, McLeod gauge, Toepler pump, and gas burette. 

In the course of an analysis the CO-CH, fraction was removed at liquid 
nitrogen temperature and passed over hot (240° C.) copper oxide. The C; 
fraction was taken off at —170° C. C,H, was determined by hydrogenation 
over a Ni catalyst (8). A fraction coming over at —140° C. was on a few 
occasions analyzed by a mass spectrometer and consisted mainly of CO, and 
CH.CO. It was found possible to determine ketene by bringing the fraction 
over a Ni catalyst (150° C.) in the presence of hydrogen. While carbon dioxide 
did not react, ketene broke down to methane, carbon monoxide, and small 
quantities of ethane. The amount of carbon dioxide originally present could 
be determined by bringing the whole mixture over ascarite. CH;CHCO was 
determined by bringing the C,Hiop-CH;CHCO fraction, removed at —110° C., 
over ascarite. The amount of conversion of acetic and propionic anhydride 
was kept below 5%. 

1Manuscript received August 16, 1956. 
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RESULTS AND DISCUSSION 


Acetic Anhydride 


Table I includes the results of runs conducted in the gas phase at tempera- 
tures ranging from 30 to 195° C. The rates quoted are in the units cc. at NTP 
per min. Experiments 1 to 5 were performed at approximately constant in- 


TABLE | 
GAS PHASE PHOTOLYSIS OF ACETIC ANHYDRIDE 














Rate, cc./min. X 10* Ru/Re’? X10, 
Run Temp., Pressure, cm.?/2 molecule~/? (C:H,+3CH,)/CO 
ae ot cm. CO CO, CH.COC:H, CH, sec.—/2 

1 30 0.68 5.30 21.0 19.2 7.80 

2 63 0.67 10.3 22.3 22.0 11.0 

3 93 0.72 140 21.6 21.4 15.1 

4 139 0.75 21.8 22.0 21.3 22.2 0.76 

5 165 0.73 23.0 245 22.1 186 1.40 

6 107 3.75 58.0 60.0 55.0 57.0 2.30 1.54 1.001 

7 125 4.20 64.0 66.0 63.0 62.5 4.55 2.80 1.02 

8 126 4.20 9.50 9.45 8.95 7.61 1.74 3.05 0.89 

9 143 4.25 70.5 71.0 68.2 64.0 7.80 4.87 0.96 
10 165 4.30 92.0 97.00 96.5 85.0 13.8 7.82 0.995 
11 166 4.30 11.2 12.0 11.0 7.05 4.08 8.00 0.812 
12 165 4.30 1.51 1.40 1.20 0.51 1.11 8.15 0.71 
13 196 5.00 97.5 96.8 280.0 48.7 24.6 17.1 0.626 





cident light intensity and constant pressure. In the first three runs, the 
methane concentration was too small to be measured accurately. Although 
there is some scattering of the results, it can be seen that the ketene and 
carbon dioxide concentrations are independent of temperature, while the rate 
of the carbon monoxide and ethane production decreases sharply in the lower 
temperature region. These results can be accounted for by postulating that 
two primary processes occur with about equal probability: 


(CH;CO).0 + hy = CH;COO + CH;CO, {Ia} 
(CH;CO).0 + hy = CH:CO + CH;COOH. [IIa] 


It is known (2, 7) that in the gas phase, for comparable systems, the CH;COO 
radicals decompose easily at low temperature. This explains the constancy of 
the CO, concentration over the whole temperature region. The decrease of the 
CO concentration with decrease in temperature is due to the higher stability 
of CH;CO at low temperatures. The fact that at these temperatures the C2He 
concentration is larger than the CO concentration indicates that some biacetyl 
is formed by the recombination of two acetyl] radicals. At higher temperatures 
the CO concentration is equal to the CO, concentration as it should be if 
[Ia] and [IIa] were the only two primary processes occurring. 

From these results it is not possible to decide if the process 


(CH;CO),0 + hy = CH;COCOO + CH; (111) 


followed by the thermal decomposition of CH;COCOO into CH;CO and CO, 
is of any importance. Analogy with the photochemical decomposition of simple 
alkyl esters (2) -favors, however, process [Ia]. 
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In a recent publication (4) on the photochemical decomposition of acetic 
anhydride, no ketene was observed. Instead, a value of about two was found 
for the ratio CO2/CO. This can be explained by the fact that the CH,CO-CO, 
fraction was brought over ascarite, which absorbs both compounds. This 
procedure led the authors to the erroneous conclusion that the fraction con- 
sisted entirely of COs. 

Incidentally, it may be mentioned that runs done at high conversion (results 
not included in this paper) always lead to much higher values for the 
CO/CH:CO ratio, while at the same time increasing amounts of ethylene are 
found in the C, fraction. This can be accounted for by the photochemical 
decomposition of ketene, which is of importance at higher conversions. 

For runs performed at temperatures above 170° C. large quantities of ketene 
were detected. Run 13 at 196° C. is given as an example in Table I. There is 
no doubt that the excess ketene is formed by the thermal decomposition of 
acetic anhydride. A few dark runs performed at temperatures up to 300° C. 
showed no evidence of any radicals formed during the thermal decomposition, 
while the only gaseous product found was ketene. This is in accordance with 
the findings of Szwarc and Murawski (9), who studied the pyrolysis of acetic 
anhydride by the toluene carrier technique and concluded that the decompo- 
sition occurs by a molecular rearrangement: 


(CH;CO).0 = CH.-CO + CH;COOH, E = 34.5 kcal./mole. 


In order to obtain information about the formation of CH, and C2Hg, a few 
runs (6 to 13) were performed at higher pressures and varying intensities. If 
both compounds are only formed by reactions 1 and 2, 


CH; + (CH;CO).0 = CH, + CH;COCOOCH:, [1] 
CH; oe CH; = CoH., [2] 


the following relationship exists: 
ki/kat = Ru/Re! (A) . 


Ry and Rx represent respectively the rate of formation of methane and ethane. 
(A) indicates the concentration of acetic anhydride. : 

Values of Ry /Re! (A) are given in Table I. Runs 10, 11, and 12 indicate 
that a 70-fold variation of the intensity affects this ratio only to a small extent. 
This may be considered as evidence for the fact that CH, and C,H, are only 
produced by reactions 1 and 2. In Fig. 1, k:/ks has been plotted against 1/T. 
A value of 9.6 kcal./mole can be obtained from the slope of the Arrhenius plot. 
This value is comparable to the activation energy found for the abstraction of 
a H-atom from acetone, although the steric factor is about two times lower. 

The values of (CH, + C2:He)/CO for the high pressure runs have been 
given in the last column of Table I. This ratio should be equal to one if the CH; 
radicals are only consumed by reactions 1 and 2. Values close to one were 
obtained for the high intensity runs 6, 7, 9, and 10, while lower values were 
found for the other runs. This is mainly due to the photochemical decompo- 
sition of ketene and the occurrence of the recombination reaction: 


CH; + CH;COCOOH: = CH;COCOOC:Hs. 
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Propionic Anhydride 

For comparison, the photochemical decomposition of propionic anhydride 
has been investigated very briefly. The average values for the rates of the 
reaction products of three runs performed at 115° C., 1.55 cm. pressure, and 
constant intensity are given in Table II. 








TABLE II 
GAS PHASE PHOTOLYSIS OF PROPIONIC ANHYDRIDE (RATE, CC./MIN. X10‘) 
Temp., 115° C. Pressure, 1.55 cm. 
CO 24.0 GH, 28 CH:CHCO 17.6 
CO; 23.8 C:H- 6.5 C.Hio 17.0 





These results point to primary processes analogous to those proposed for 


acetic anhydride: 
(C:HsCO).0 + hy = C:H;sCO + C:H;COO, [Id] 


(C:HsCO).0 + hy = CH;CHO + C:H;sCOOH. {I1d] 


The fact that the CO and CO, rates are equal indicates that under these 
conditions C,H;CO and C.HsCOO are entirely decomposed. Ethylene and 
butane are mainly produced by the disproportionation and combination of the 
ethyl radicals. 

CONCLUSION 


Primary processes [IIa] and [IIb] as well as the thermal decomposition of 
acetic and propionic anhydride probably involve a ‘‘cyclic hydrogen bridge’”’ 
as proposed for the thermal decomposition of esters (6). Pyrolysis studies of 
esters with a §-hydrogen in the alkyl group (1,3) have indeed shown that 
these compounds decompose into the corresponding acid and alkene. Recently 
(2) it has been found that absorption of a photon by these molecules may also 
lead to a direct decomposition into an acid and an alkene. 








aban SDecawn 


Pact 


Se a Ee ee era D 


Rac $e ee ALS CLM Sie ta 


exits atiaapie 658 


ARO BIE RRR Me MR So EP 


tah SINR IO ale ae 


RoW Ge 








ager Sha ant 








Sis acct 


ie Wrest tates 


Chil Ales See. 





SN hae sos ital 


guar 





AUSLOOS: GAS PHASE PHOTOLYSIS , 1713 


The thermal and photochemical decomposition of certain molecules fol- 
lowing the same pattern can be explained (5) by considering the primary pro- 
cess as an internal conversion directly followed by a molecular elimination. 
This internal conversion probably produces a “‘hot’’ molecule in the electronic 


ground state, which may be expected to behave like a normal thermally 
excited molecule. 
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SOLVOLYSIS IN DEUTERIUM AND HYDROGEN OXIDE' 


By P. M. LAUGHTON AND R. E. ROBERTSON 


ABSTRACT 


Rate data for a series of benzenesulphonates, halides, and methyl methane- 
sulphonate were determined in light and heavy water. The rate ratio kp o/ka,o 
varied with the nature of the anion being formed from 0.94 for the hydrolysis 
of methyl methanesulphonate to 0.78 for methyl chloride. This difference in 
ratio was attributed to differences in the nature of the solvation of the initial 
states. No appreciable differences arose, however, through the alkyl series 
methyl, ethyl, isopropyl benzenesulphonates, and the difference for the ratio 
kp,o/kn,o between MeCl and ¢-butyl chloride was small, contrary to recently 
published work. 


In this paper we compare the relative rate data for the solvolysis of several 
alkyl halides and sulphonates in light and heavy water. 

Recent work reported by this laboratory (3) has been particularly concerned 
with the role of the solvent in solvolytic reactions, and some measure of success 
has been achieved in correlating the changes in the derived activation energies 
with two properties, namely: the dielectric constant and the molecular volume 
of the hydroxylic solvent. When this correlation was extended to alcohol- 
water mixtures (4), a discontinuity was observed in the region of 0.1 mole 
fraction of alcohol. This behavior was attributed to the occurrence of a 
relatively rapid breakdown in the quasi-crystalline water structure resulting 
in lower activation energies. We were accordingly led to seek further evidence 
for the effect of structure on the rates of solvolysis by a comparison of the ratio 
kp,o/ku,o for a series of benzenesulphonates, since it is known that heavy 
water has more structure than light water (15) while the parameters (5) of the 
correlation remain relatively constant (« H.O: 78.25, D.O: 78.54, with a 
maximum 0.35% difference in molar volume). 

The appearance of a paper by Swain, Cardinaud, and Ketley (13) dealing 
with solvolytic rate ratios in light and heavy water led to an extension of the 
original study to include a number of halides, since the conclusions reached 
by the above-mentioned authors were at variance with our own. 

Although Olivier (8), in the only simple solvolysis previously studied in 
both waters, reported a 16% reduction in rate of hydrolysis of »-hexyl bromide 
in heavy water, Swain and co-workers found no difference for kp,o/ku,o for 
methyl chloride and iodide within experimental error. This was surprising 
not only when compared with the results of Olivier but also because our own 
work on benzenesulphonates had shown a decrease. Moreover, they reported 
an unexpectedly large difference in the rate ratio between methyl chloride 
(1.0+0.1) and ¢-butyl chloride (1.4+0.1). This difference was attributed to 
the greater electrophilicity of light water toward chlorine, an interpretation 
which seemed to us to be much oversimplified. 

1Manuscript received August 20, 1956. 
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EXPERIMENTAL 
Materials 

The benzenesulphonic esters have been previously described (9). 

Methyl bromide and methyl chloride were from Matheson lecture bottles. 
Mass spectrometric examination of the bromide failed to disclose any con- 
taminant. The tertiary butyl chloride was the middle cut of Eastman Kodak 
white label material distilled with negligible change in boiling point or refrac- 
tive index through a long Vigreaux column. The benzyl bromide was Eastman 
Kodak white label grade and was used without further purification. 

The purity of each substance with respect to alternate reactants was 
confirmed by the excellent linearity of all the rate plots. 

The samples of heavy water used were obtained from Atomic Energy of 
Canada Limited, and were in the range 99.8 to 99.9% D.O as supplied. A 
number of runs were carried out in each sample by redistillation, the alcohol- 
containing foreruns being rejected. Anhydrous sodium carbonate was used to 
destroy any volatile acids. 


Method 

The conductance method used and the method of calculation have been 
described previously (10). 

In most cases, the substrates were dissolved in deaerated solvent to give 
stock solutions. The cells were conventional in the use of shiny platinum 
electrodes in a vertical arrangement. 

Methyl chloride was introduced by bubbling the gas through a reservoir 
immersed in the bath and attached to the cell by 20 cm. of 1 mm. capillary. 
A similar cell was used for ¢-butyl chloride. 

While no attempt was made to measure the rates at exactly the same 
concentration, the presence of perceptible ionic strength effects with methyl 
bromide confirmed the necessity of operating at low concentration (0.0005-— 
0.002 M7) and over approximately the same range in comparative runs. 


DISCUSSION 
The experimental data are summarized in Tables I and II. Two aspects 
of these data particularly invite explanation. One is the variation of the ratio 
TABLE I 


SOLVOLYTIC RATE CONSTANTS FOR THE REACTION OF SOLUTES 
IN HYDROGEN AND DEUTERIUM OXIDE 














Solute 7... ku,o X 108 sec." kp,o X 105 sec.-! kp,o/kuz0 
MeCl 89.957 5.64+0.2* 4.381+40.007 0.780 
t-BuCl 4.003 136.7 +07 © 95.0 +0.8 0.695 

14.031 636 +3 473 +3 0.744 
MeBr 70.498 10.65+0.04 8.55 +0.03 0.803 
80.003 27.1340.02 21.99 +0.04 0.810 
89.947 67.0 +0.2 54.8 +0.1 0.818 
i-PrBr 50.001 11.29+0.03 8 84 +0.08 0.780 
PhCH.Br 29 .997 27 6140 08 20 33 +0 14 0 735 
MeO;SMe 59.996 22 0340 04 20.64 +0 08 0 937 


* Average deviations from the mean. 
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TABLE II 


SOLVOLYTIC RATE CONSTANTS FOR A SERIES OF BENZENESULPHONIC ESTERS IN HYDROGEN 
AND DEUTERIUM OXIDE 











R Zz. %. ku,o0 X 105 sec. kp,o X108 sec.—! kp,o/ku,0 
Me 39.854 (6.674)* 6.048+0.012 0.906 
49.970 (19.59) 17.60 +0.03 0.898 
60.622 (55.92) 50.62 +0.11 0.905 
70.258 (132.7) 120.8 +0.2 0.910 
Et 49 .984 (13.39) 16.74 +0.06 0.911 
60.627 (54.12) 49.5 +0.5 0.915 
70.258 (133.3) 120.3 +0.4 - 0.902 
1-Pr 7.513 (6.022) 5.52 +0.03 0.917 
15.000 (17.54) 
17.52+ .02 16.10 +0.04 0.918 
30.103 (124.3) 
124.9 114.9 +0.3 0.924 





*Bracketed values were calculated from three-constant equations (11). 


kp,o/Ru,o with the nature of the anion being created in the transition state. 
The second relates to the effect on the rate ratio of a probable change along the 
reaction parameter resulting from a change in the alkyl group (3). 

We do not have sufficient data to make an exact estimate of the differences 
in the entropies and heats of activation between the two solvents, but enough 
exists to show that the rate reductions in heavy water arise almost entirely 
from the lower entropies of activation. The constancy in the rate ratios over 
a series of temperatures indicates that the differences in the heats and in the 
heat capacities of activation between the two media are negligible, though the 
temperature range may not be large enough to make this conclusion significant 
in the case of the latter. According to Wirtz (15) the structure of D,O at 
temperature 7 resembles that of H,O at a lower temperature (TJ — AT). This 
AT is roughly constant with temperature. 


Variation in the Ratio with the Anion 

A rather simple explanation has occurred:to us for the variation in 
kp,o/ku,o according to the order MeO;SMe > MeO;SPh > MeBr > MeCl. 
This explanation is based on a consideration of differences involving both the 
initial and transition states. Although we lack initial state data such as heats 
of solution for all of the respective esters, certain qualitative distinctions may 
be noted. Thus the sulphonic esters are more soluble in water than are halides 
of comparable size or molecular weight. Such an enhancement of solubility 
must arise from stronger solvent-solute interaction, presumably hydrogen 
bonding. It cannot arise from decreased solute—solute interaction since the 
benzenesulphonates appear to have smaller vapor pressures than the bromides 
of comparable molecular weight (b.p. of CsHsCH2Br: 80°C. at 10 mm., mol. 
wt. 171; of C;HsSO;CH;: 140°C. at 8 mm., mol. wt. 172). Since the decrease 
in the rate of solvolysis in heavy water may be attributed to the necessity 
of breaking up a more stable solvation shell (‘‘iceberg’’) surrounding the 
initial state (1) to achieve a transition state which is similar for both light 
and heavy water, any special interaction in the initial state will tend to 
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decrease the difference between the initial and transition states and hence 
between the two media. On the basis of the solubility differences noted above, 
we expect such solute-solvent interaction in the initial state to be greater for 
the sulphonates than for the halides, and to be greater for the methanesulphon- 
ate than for the benzenesulphonate as a result of the greater shielding effect of 
benzene ring. If we may assume that other factors, including differences in 
the transition state, contribute less than the initial state difference, the above 
argument provides a qualitative basis for understanding the trend in 
kp,o/ku,o values for the anions here treated. 

Other factors of lesser importance probably contribute to the observed 
ratios. Chloride ion has been reported (6) to have a lower heat of solution 
(by 0.13 kcal./gm. ion) in heavy water than in light water. No comparable 
data for the sulphonates are available. Schwarzenbach (12) has shown that 
heavy water is less basic than light water, but this does not necessarily imply a 
corresponding difference in nucleophilicity. Also, nucleophilicity probably 
plays a minor role in solvolysis in water, especially for the sulphonates. 

No substantial part of the ratio kp,o/ku,o can derive from a medium 
effect since the ratio for methyl methanesulphonate is so close to unity. 
In any case, the small differences in dielectric constant and molar volume 
between the two media would not lead one to predict more than a small 
effect from such a source, despite Schwarzenbach’s guess (12) of about 5% 
based on equilibria in aqueous alcoholic mixtures. 


Variation of the Alkyl Group 


Swain and co-workers (13) reported a’ relatively large difference between 
the ratio kp,o/ ku,o for methyl chloride and ¢-butyl chloride. They attributed 
the difference to the increased electrophilic solvation of the forming chloride 
ion in the more ionic Syl transition state of the latter. 

We tend to discount this explanation for two reasons. First, our own data 
(Table II) largely eliminates the difference. In fact, the differences introduced 
in several systems as a result of changes in the alkyl group are surprisingly 
small. Secondly, the interpretation of solvent effects as electrophilic in nature 
is still controversial in the case of hydroxylic solvents. The ratio c;/cz discussed 
by Swain, Mosely, and Brown (14) has been assumed to indicate relative 
sensitivity to solvent nucleophilicity over electrophilicity. However, if this 
explanation of ¢:/c2 is correct, then it is difficult to explain why the ratio 
kp,o/ku,o for methyl p-toluenesulphonate should not lie between those for 
methyl bromide and ¢-butyl chloride (c,/cz values 2.7, 3.0, and 1.0 respectively). 

It is generally accepted that non-electrolytes in water are surrounded by a 
solvent envelope which melts as the temperature rises, leading to unexpectedly 
large heat capacity changes (1). Thus for the cumene—water equilibrium at 
25°C., 


CUMENEyg. — CUMENE gg, goin. 


the heat capacity change was found to be +68.8 cal./mol. deg. (2), a value 
most readily explained in terms of the ‘‘melting’’ of the so-called iceberg 
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which forms about the cumene molecule in solution. In the transition state 
for solvolysis the creation of partial changes will lead to some solvent molecules 
being more tightly held while the remainder of the envelope will be less ordered 
than in the initial state. 

On the basis of this qualitative picture it is possible to account for several 
otherwise puzzling phenomena. For example, in the series Me — Et — 7-Pr 
benzenesulphonate, the entropies of activation increase (7) (Me, —9.4; Et, 
—7.5; 1-Pr, —1.4 e.u.), indicating a trend toward loosening in a series where 
we would expect the transition to become successively more ionic. This 
loosening can be attributed to the partial disordering of the residual solvent 
envelope. At the same time, the heat capacities of activation decrease (11) 
(Me, —33.4; Et, —37.5; 1-Pr, —41.4) which can be attributed, on the one 
hand, to the very tight binding of the ionic solvation and, on the other, to the 
more nearly water-like state of the residual envelope. Table I shows that the 
effect of two concurrent processes—tightening and loosening—results in the 
cancellation of any differences since the ratios kp.o/ky,o for the series are the 
same within experimental error. : : 
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THE OXIDATION OF CARBON MONOXIDE BY SOLID SILVER 
PERMANGANATE REAGENTS 


- REACTION KINETICS AND ADSORPTION OF WATER VAPOR! 
By Morris Katz, R. RIiBERDY, AND G. A. GRANT 


ABSTRACT 


The temperature dependence of the rate constant, k, in the heterogeneous 
oxidation of carbon monoxide on the surface of silver permanganate — zinc 
oxide, indicates that in the temperature range of about 11° to 40°C., the process 
is subject to diffusion or transport control and the experimental activation 
energy is 1.4 to 1.9 kcal. per mole. In the range of 11° to —3°C. the rate of the 
surface chemical reaction decreases with a corresponding increase in activation 
energy to 15 kcal. in this transition stage. At lower temperatures the system is 
subject to chemical control and E rises to about 27 kcal. 

Four adsorption isotherms for water vapor on this reagent have been obtained 
in the range of —10° to 20°C. The isotherms are sigmoid and indicative of 
Type II adsorption. 

The mechanism of this heterogeneous reaction is discussed on the basis of 
several possibilities for providing oxygen ions in the electron-ion exchange step 
of the over-all reaction. 


INTRODUCTION 


Previous studies by the authors on this gas-solid system have dealt with 
the kinetics at one influent gas temperature only (10, 11). The kinetics of 
the reaction in a dynamic system have been found to be similar to the case of 
irreversible adsorption in a reaction bed such as, for example, the removal of 
arsine, hydrogen sulphide, and other gases by impregnated charcoal (4). 
Such systems may be studied successfully by application of the theory of the 
adsorption wave. A test of this theory has been made by Katz, Grant, and 
Riberdy (10). The main relations predicted by the theory were found to hold, 
and the rate constant, k, is independent of the concentration of carbon 
monoxide in the range where column length and flow rate do not approach 
critical values. However, the rate constant was found to depend inversely 
upon the mean granule diameter in contrast to results on charcoal-gas systems 
where k is apparently independent of granule size. 

The extent of adsorption of water vapor by silver permanganate — zinc 
oxide and its temperature dependence are of interest because preliminary 
experiments indicated that metallic-oxide-activated silver permanganate 
preparations are most reactive towards moist gas, and their activity decreases 
considerably at low relative humidities. The promoting action of water vapor 
in this case is in marked contrast to the behavior of metallic oxide catalysts 
of the manganese dioxide — cupric oxide type, i.e. ‘“‘hopcalites’’, which are 
poisoned readily by water vapor and are effective only in dry gas mixtures 
(15). The promoted argentic oxide of de Boer and van Ormondt (2), on the 
other hand, is comparable to the silver permanganate -: metallic oxide reagents 
in that it will also oxidize carbon monoxide in moist air. 

1Manuscript received September 11, 1956. 
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EXPERIMENTAL METHODS 


The reagent used in the following studies contained 69 mole % zinc oxide 
and 31 mole % silver permanganate in the form of granules of size distribution 
between — 14 to +24 mesh Tyler, prepared by a method outlined in a previous 
publication (8). Preparation and purification of the carbon monoxide and the 
apparatus employed to study the reaction kinetics have been described 
elsewhere (11). The concentration of the escaping carbon monoxide was 
determined by means of a thermocouple detector cell containing silver per- 
manganate — zinc oxide reagent (12) and calibrated by an iodine pentoxide 
method (7). The concentrations of gas escaping from the reaction bed could be 
determined almost instantaneously over the range of 0.001 to 0.1% by this 
technique. 

The reaction cell used in this work was a pyrex glass tube about 15 cm. 
long and 3.1 cm. inside diameter, with a fritted glass disk of medium porosity 
sealed into the tube at a point about 3.2 cm. from the bottom. A pair of 
matched, bead-type thermistors (No. 6014A, Western Electric Co.) were 
sealed into the side of this tube, the beads being placed in the center of the 
tube and separated by a distance of 7.5 cm. The hot thermistor was immersed 
to a depth of 3.0 cm. in the reagent granules. A cold thermistor at the influent 
end of the tube was immersed in a bed of inactive pumice. Each thermistor, 
with ‘appropriate variable resistances, formed one arm of a Wheatstone 
bridge circuit which has been described in a previous paper (13). 

The reaction cell was immersed in a constant temperature bath along with 
a coil of 8 ft. of copper tubing through which the gas-air mixtures were 
circulated before they entered the reaction cell. The gas concentration, flow 
rate, temperature of influent gas mixture, and relative humidity of the gas 
mixture were maintained constant as far as possible in a given experiment. 

Experiments were carried out over the temperature range of —10° to 
40.0°C. at a flow rate of 4.0 liters per min. at approximately 80% relative 
humidity. The influence of water vapor at 20°C. on breakdown time, i.e., the 
time taken for the concentration of the escaping gas to just exceed 10% of the 
influent concentration, was determined over the range of 15 to 72% relative 
humidity. Above about 70% relative humidity, there is no appreciable in- 
fluence of increasing water vapor content of the gas stream on breakdown 
time. 

The water adsorption experiments were carried out by means of a gravi- 
metric method which had the advantage of simulating the dynamic conditions 
encountered during normal use of the granules in the oxidation of carbon 
monoxide. Air, at a rate of 4 liters per min., was passed through two long 
drying towers filled, respectively, with activated alumina and anhydrous 
magnesium perchlorate. The dry air stream was then passed through a 52 gm. 
sample of granules (mean diam. 0.91 mm.) for about one and one half hours or 
until constant weight was attained. The average loss in weight obtained when 
the sample was dried by this method was 14.1 mgm. compared to 15.6 mgm. 
when the granules were dried by pumping out for eight hours in a high vacuum 
at room temperature. There was no measurable difference when nitrogen was 
substituted for air in the above drying process. 





vias 











KATZ ET AL.: CARBON MONOXIDE : 1721 


The reaction cell containing the dried sample was immersed in a constant 
temperature bath, and moist air of known relative humidity passed through 
the bed at the rate of 4 liters per min. Mixtures of air and water vapor were 
prepared by metering dry and moist air by means of calibrated flowmeters. 
Before entering the sample cell, the air mixture was circulated through a series 
of copper coils immersed in the bath in order to attain the desired temperature. 
Although less than 15 min. was required for the water adsorption to be sub- 
stantially completed at each experimental condition, the sample was weighed 
after each of at least two adsorption periods of 30 min. in order to ensure that 
the adsorption had reached an equilibrium state. 


RESULTS 
Dependence of Breakdown Time on Temperature 


The breakdown time of a reacting bed of granules has been defined as the 
time at which the concentration of the escaping gas, c, exceeds an arbitrarily 
chosen value which in the present experiments was 10% of the influent con- 
centration, co. A plot of In 1/c versus the time yields a straight line, if very 
low escaping concentrations are neglected. The slope of this line represents 
the value of kco and hence the rate constant k, at each temperature. In experi- 
ments at lower temperatures it was found that the escaping concentration of 
gas was appreciable with an influent concentration of 0.50% for a 3.0 cm. 
column of reagent, consequently in the runs at —3.0°C. to —10°C. the 
concentration was reduced to 0.25% in order to keep within the arbitrarily 
chosen limit for the breakdown time. 

The data for a series of experiments are given in Table L The breakdown 
time decreases with decreasing temperature at constant influent concentration 
of gas. Eventually a temperature is reached at which the granules are virtually 
inactive. 

TABLE I 


BREAKDOWN TIME, RATE CONSTANT, k, AND ENERGY OF ACTIVATION, E, FOR HETEROGENEOUS 
OXIDATION OF CARBON MONOXIDE BY SILVER PERMANGANATE — ZINC OXIDE 
Experimental conditions: gas stream at 80% R.H. passed through a column, 3.1 cm. in diam., 
3 cm. deep, at flow rate of 4 liters per min. 








Influent CO Influent gas-air Breakdown time Rate constant, k, Ene 





concentration, temperature, (min.) of column (gm-mol./liter)“? activation, E, 

% ws (for 90% efficiency) (min.)~} kcal./gm-mol. 
0.50 39.8 201 397 1.4 
0.50 30.0 187 377 1.4 
0.50 21.6 176 351 1.4 
0.50 11.3 166 322 1.9 
0.50 3.6 152 261 6.4 
0.25 —3.0 414 163 15.0 
0.25 —6.0 342 108 23.5 
0.25 —10.0 140 53 27.3 





Temperature Dependence of Rate Constant 

A plot of log k against the reciprocal of the absolute temperature yielded 
the curve shown in Fig. 1. This curve may be divided into three parts. At 
temperatures above 11°C. the experimental activation energy, E, is only 
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Fic. 1. Temperature dependence of the rate constant in the heterogeneous oxidation of 
carbon monoxide on silver permanganate — zinc oxide. 
about 1.4 kcal. per gm-mol.; a value that is indicative of a purely physical 
process such as diffusion as the rate controlling step. This confirms the earlier 
findings on the kinetics of this gas-solid system (10). In the temperature range 
of about 11° to —3°C. the system passes through a transition state with a 
corresponding increase in activation energy from 2 to about 15 kcal. per mole. 
Apparently the rate of the surface chemical reaction, which is extremely fast 
at high temperatures, decreases appreciably during this transition. As the 
temperature is decreased beyond this range, the activation energy increases 
rapidly to over 27 kcal. and the system passes to a process where the observed 
reaction rate is subject to chemical control. 


Influence of Water Vapor on Breakdown Time 

Some data on the effect of water vapor in the gas stream on the breakdown 
time of silver permanganate — zinc oxide in the oxidation of carbon monoxide 
were presented in an earlier paper (11). With a column length of 5.0 cm. it 
was shown that the bed life to 90% efficiency of oxidation decreases sub- 
stantially below 50% relative humidity of the gas—air mixture but very little 
effect was observed in the range of 50 to 80% relative humidity or higher 
at 38°C. 

Further study of this influence under more critical conditions in a column 
length of 3.0 cm. and temperature of 20°C., has been made with results as 
shown in Table II. The present results confirm the earlier findings and indicate 
clearly that water vapor in optimum amounts increases the speed of the 
oxidation reaction as well as the life of the reacting bed of granules. The 
accelerating effect of water vapor has been noted in other heterogeneous 
oxidation reactions, including the combustion of carbon monoxide by platinum 
oxide, palladium salts, and gold catalyst. 
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TABLE II 


EFFECT OF RELATIVE HUMIDITY ON BREAKDOWN TIME, AT 20°C., COLUMN LENGTH 3.0 cM., 
DIAMETER 3.1 CM. 

















Air flow rate: 4 liters per min. Air flow rate: 2 liters per min. 
0.50% CO 0.25% CO 0.25% CO 0.10% CO 
Res Breakdown R.H., Breakdown  R.H., Breakdown R.H., Breakdown 
% time (min.) % time (min.) % time (min.) % time (min.) 

72 176 43 410 35 695 20 823 
53 163 35 15 20 11 15 70 





Adsorption of Water Vapor 

The experimental data on the adsorption of water vapor by silver per- 
manganate — zinc oxide granules of average diameter 0.91 mm. are given in 
Table III. Four adsorption isotherms plotted from these values in the range 
of —10° to 20°C. are shown in Fig. 2. 





VOLUME ADSORBED AT S.T.P (cc/gm.) 











| | | | | | | | 





° 8 3.6 2.0 10.8 126 144 


5.4 r2 
PRESSURE (mm.Hg) 


Fic. 2. Experimental adsorption isotherms for water vapor on silver permanganate — zinc 
oxide. 


The results were examined also by the potential theory of Goldmann and 
Polanyi (5, p. 96). This theory is applicable to both unimolecular and multi- 
molecular adsorption although it does not yield any analytical formulation 
for the adsorption isotherm. The sole criterion of its validity rests in the 
accuracy with which it accounts for the temperature dependence of the 
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TABLE III 
ADSORPTION OF WATER VAPOR ON SILVER PERMANGANATE — ZINC OXIDE 














Water vapor adsorbed 
Temperature, Relative Pressure, 
<x. humidity, mm. G.TP.) 

% cc./gm. gm. X10*/gm. 

20 7 1.20 .063 50 

13 2.31 .124 100 

21 3.60 .195 157 

27 4.73 . 262 211 

40 7.01 .324 261 

49 8.66 .334 269 

60 10.52 .358 288 

67 11.78 .380 306 

74 13.05 .460 370 

80 14.03 .558 449 

10 11 1.00 .120 97 

20 1.84 .214 173 

22 2.03 . 238 196 

33 3.04 .278 224 

44 4.05 .318 264 

46 4.24 .333 270 

58 5.30 .442 357 

68 6.26 .480 382 

78 7.15 .596 479 

0 4 0.20 .050 40 

9 0.40 .100 80 

13 0.60 .155 125 

18 0.80 . 205 165 

22 1.00 .270 217 

35 1.60 .370 298 

45 2.08 .425 342 

57 2.60 .480 386 

79 3.60 .540 434 

-10 4 0.08 .055 44 

10 0.22 . 142 114 

28 0.60 .300 241 

50 1.08 .430 346 

81 1.74 .570 463 





adsorption isotherm. The main element of the potential theory is the char- 
acteristic curve which permits the calculation of any isotherm at any tempera- 
ture, if the experimental points, from which this curve is drawn, cover the 
potential distribution in the entire adsorption space. Usually, such an ideal 
isotherm is not available in actual practice. 

The characteristic curve is shown in Fig. 3. This method is useful in checking 
the accuracy and reliability of each experimental point of a series of isotherms 
obtained at different temperatures. Deviations of some of the points from the 
curve in Fig. 3 may be ascribed to experimental errors. 

The isotherms recalculated from the characteristic curve are shown in 
Fig. 4. It is apparent that the adsorption of water vapor in the lower pressure 
range is unimolecular with a transition to multilayer adsorption at higher 
pressures. The isotherms at 20°C. and 10°C. are sigmoid in character but 
this shape becomes less pronounced at 0°C. and —10°C. All isotherms are 








oxide. 


Fic. 3. Characteristic curve for adsorption of water vapor on silver permanganate — zinc 
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probably indicative of Type II adsorption (Brunauer (3), p. 150) and show 
that the adsorption of water vapor increases rapidly as the vapor pressure po 
is approached. 

On the assumption of Type II (multimolecular) adsorption, the volume of 
water vapor adsorbed by the silver permanganate — zinc oxide, when the 
surface is covered by a monolayer, has been calculated from the adsorption 
isotherms of Fig. 4 to be, on the average, 0.218 cc./gm. This yields a value of 
about 0.7 sq. meter/gm. for the surface area of granules 0.91 mm. in diameter. 
The original, experimentally derived, isotherms yielded a value of about 
1.0 sq. meter/gm. Independent measurements of surface area by the B.E.T. 
nitrogen adsorption method was reported earlier as 1.4 sq. meter/gm. (10) 
for this reagent, for granules of similar size. 


DISCUSSION 


An explanation for the form of the curve depicting the temperature depend- 
ence of the rate constant may be obtained from a consideration of the tempera- 
ture coefficient of heterogeneous reactions. This subject has been reviewed 
recently by Riddiford (18) and by Bircumshaw and Riddiford (1). For certain 
systems the observed reaction rate is determined solely by the rate of the 
transport or diffusion process to surface of the solid, whereas for other systems 
the observed rate is subject to ‘activation’ or chemical control. There is also 
the possibility of systems of intermediate type for which the observed rate is a 
function of both the rate of the chemical reaction at the surface and of the rate 
of the transport process. 

Riddiford has shown that for the intermediate type of reaction in the steady 
state, the observed velocity constant, k, is related to the rate constant of the 
surface chemical reaction, k,, and the rate constant of the transport process, 
k,, by the following expressions: 


[1] k = kik. /(k, +k). 


If k, is very much greater than k,, the observed rate will be determined 
solely by the rate of the surface chemical reaction; on the other hand, if k, 
is very much less than k,, the case will be that of transport control. 

The following equation expresses the dependence of the observed rate 
constant on temperature, assuming that both k, and & vary exponentially 
with temperature, 7: 


d(ink) 1 (4 ) ( ke ) | 
[2] aT ~ RNG +B) E*t\e42/ & J: 


If an experimental energy of activation, E, is defined by the relation 
d(In k)/dT = E/RT?, then E may be determined at any value of T from the 
slope of the curve. From Equation [2] 


“(i ek) 
(3) E = (h/t E.t\ itp 7k,/ & 


and the variation of E with temperature is governed by the variation of the 
ratio k,/k;,. 
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In actual practice, E, and E, will have different values (neglecting the 
special case where E = E, = E,). Two cases may therefore be considered: 
(1) E, < E,, which corresponds to the condition k, > k, at all temperatures, 
and hence E = E, at all temperatures; (2) E, > E,, which indicates that the 
observed rate will be subject to chemical control at low temperatures and 
transport control at higher temperatures. For case 2, a sufficient change in 
temperature will result in a shift of control. 

The change in slope of the plot of In k on 1/T, in Fig. 1, is therefore an 
example of case 2, above, the rate of oxidation of carbon monoxide being 
controlled by the mass transfer of gaseous reactants to the surface in the 
temperature region above about 10°C., a purely physical process with a low 
energy of activation. Below 10°C. there is a pronounced shift in control 
towards the surface chemical reaction. A somewhat similar transition in 
control has been noted by Tu, Davis, and Hottel (20) in studies on the rate of 
combustion of carbon spheres in a flowing air stream. Another case is that of 
the catalytic oxidation of sulphur dioxide on platinum pellets (17). 

Pure silver permanganate in the dry state is virtually unreactive toward 
carbon monoxide and only a comparatively slow reaction, preceded by an 
induction period, is evident when the crystals contain from about 5 to 10% 
moisture. When the salt is deposited on a weakly basic or weakly acidic 
metallic oxide carrier in the correct proportions, the resulting preparations 
become highly activated. An extremely fast oxidation reaction then takes 
place in the presence of the dry reagents at room temperature or lower, 
provided some water is present in the vapor phase (9, p.191; 11). Water evi- 
dently acts as a promoter after being adsorbed on the surface of the solid silver 
permanganate reagent. The results on the temperature dependence of the 
water adsorption isotherms indicate that the adsorption is of the van der 
Waals type and the amount adsorbed is relatively small in the partial pressure 
range corresponding to 0-80% relative humidity of the gas stream. This is 
to be expected from the non-hygroscopic nature of the granules and the 
comparatively low surface area. 

It is suggested that the role of adsorbed water, in the oxidation of carbon 
monoxide by silver permanganate — zinc oxide, is to assist in the formation of 
oxygen ions. Probably, a hydrate (ZnO.H2O) is formed first at points on the 
crystal surface with subsequent formation of (OH) groups, because of the 
weakly basic property of the oxide. 

There are three possibilities by which oxygen ions may be provided for the 
oxidation of carbon monoxide in the electron-ion exchange step of the over-all 
reaction: 

(a) The ions may be derived from the silver permanganate lattice sites, 
resulting in a surface chemical reaction in which the silver salt is reduced. 
Since the reduced salt cannot be regenerated, this step would not lead to 
catalysis. 

(6) In a catalytic reaction, the oxidation of carbon monoxide could take 
place with oxygen ions derived from the defective zinc oxide crystal lattice, 
especially at the interface between the oxide and the silver salt. 
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The regeneration of the catalyst would require that the vacant lattice 
sites be replenished by clearage of adsorbed oxygen molecules to form ions and 
migration of such oxygen ions into the lattice vacancies. 

Substantially similar mechanisms for the catalytic oxidation step in the 
presence of a semi-conductor, such as zinc oxide, have been propounded by 
Weyl (21, p. 87) and by Schwab and Block (19). 


CO + (cat.) — CO* + (cat. + (e)) 
Cco+ + O- > CO; 
O.(ads.) + 2(e)- ~ O- + O- 
2 O- (ads.) — O2 (gas) + 2(e) 


(c) A hydrate, such as ZnO.H;0, may form initially with subsequent forma- 
tion of (OH) groups and oxygen ions. In the case of a platinum dioxide 
catalyst, the formation of a hydrate, PtO..H.O, by adsorption of water, has 
been found to accelerate considerably the reduction of the oxide by carbon 
monoxide so that the reaction takes place at room temperature or lower (16). 
This is true also for the present silver permanganate reagent. 

It has been shown by Katz et al. in an earlier paper (14) that the oxidation 
of carbon monoxide in air by silver permanganate — zinc oxide takes place 
according to both a stoichiometric reaction, involving the reduction of 
approximately one molecule of the silver permanganate per molecule of CO, 
and a catalytic reaction with oxygen from the gas phase. From a mass balance 
of the reactants and chemical analysis of the products, it was found in experi- 
mental runs that the reaction path was about evenly divided between the 
stoichiometric and catalytic processes, provided the efficiency of oxidation 
in the reacting column did not fall below 90% of its initial value. Below 90% 
efficiency, a greater proportion of the CO was oxidized stoichiometrically. 

Recent studies by Grant and Katz (6) on the thermal decomposition of 
pure silver permanganate at 100°C. indicate from analysis of the reaction 
products that 2 moles of silver permanganate yield 1.2 moles of oxygen in a 
mechanism involving three steps. Such a mechanism could supply from 51 
to 78% of the oxygen required in the oxidation of CO, whereas in oxidation 
experiments, under conditions indicated above, the actual weight of oxygen 
lost by the AgMnQ, varied from 46.6 to 55.0% of that required for reaction 
with the carbon monoxide, the remainder being supplied from the gas phase. 
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L’OXYDATION STOICHIOMETRIQUE DE L’OXYDE D’AZOTE PAR 
L’OZONE ETABLIE PAR PHOTOMETRIE DU BIOXYDE D’AZOTE! 


Par Guy G. GOYER 


RESUME 


La réaction a été étudiée par photométrie. La concentration du bioxyde 
d’azote, et conséquemment le rendement de |’oxydation de |’oxyde d’azote, a 
été déterminée par transmission lumineuse. La concentration des ingrédients 
du mélange gazeux a été variée entre de vastes limites: l’oxyde d’azote de 
0.05% a 13.3% v/v, loxygéne de 1.5% a 33% et l’azote de 63% a 98.4% sous 
une humidité relative variant de 0 a 62%. 

L’ozone a des concentrations variant de 0 4 1.3% v/v était introduit dans ces 
mélanges gazeux et la quantité de bioxyde d’azote produit par ce traitement 
était mesurée quantitativement. On appliqua une correction pour toute for- 
mation paralléle de bioxyde d’azote résultant de la réaction normale et lente 
entre l’oxyde d’azote et l’oxygéne. La quantité de bioxyde d’azote formé par 
molécule d’ozone ajoutée était une mesure directe de la longueur de la chaine 
d’oxydation. Des 54 mesures acceptées, 34 ont été faites sur des gas secs et 20 ont 
été faites sur des gas humides. Les rapports [bioxyde d’azote]/[ozone] obtenus 
varient entre 0.7 et 1.15, donnant une moyenne de 0.95+0.1. L’addition de 
vapeur d'eau au mélange gazeux n’a pas appréciablement changé les résultats 
obtenus. Un rapport [NO2]/[Os] plus grand que 1.15 n’a jamais été obtenu sous 
les conditions étudiées. 


INTRODUCTION 


L’oxydation de l’oxyde d’azote par l’oxygéne est connue comme étant un 
procédé plutét lent. Cependant, Zabolotskii rapporta en 1950, que l’ozone 
pur initie des chaines de réaction entre l’oxyde d’azote et l’oxygéne. I] soutint 
que la quantité d’ozone utilisée pour l’oxydation de l’oxyde d’azote est con- 
sidérablement moindre que la quantité requise par la réaction stoiquio- 


métrique suivante 
NO + O; — NO, + Oz 


ot le rapport [bioxyde d’azote]/[ozone] est égal a l’unité. Par exemple, 
Zabolotskii rapporta que l’oxydation, 4 température ambiante et sous 
pression atmosphérique, d’un mélange d’air et d’oxyde d’azote contenant 
13.2% d’oxyde d’azote, 18.3% d’oxygéne et 68.5% d’azote atteignit un 
rendement de 80% tandis que sous les mémes conditions, l’oxydation 
d’oxyde d’azote avec de l’air ozonisé atteignait 100%. Dans ce cas, un rapport 
de 72 est atteint, c’est-a-dire qu’une molécule d’ozone est responsable de 
l’oxydation de 72 molécules d’oxyde d’azote. Cependant, l’effet catalytique de 
l’ozone n’avait été confirmé par aucune autre investigation au début de 1955 
comme une récente recherche de la littérature l’a démontré. Conséquemment, 
une vérification expérimentale de I’hypothése de Zabolotskii semblait indiquée. 
L’objet du présent travail était donc d’étudier I’effet de l’ozone sur la réaction 
entre l’oxyde d’azote et l’oxygéne dans un vaste intervalle de concentration 
d’oxyde d’azote 4 température ambiante et sous pression atmosphérique. 


1Manuscrit regu le 3 juillet 1956. 
Contribution de Canadian Industries Limited, Central Research Laboratory, McMasterville, 
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METHODE EXPERIMENTALE 
1. Description de Il’ Appareil 
(a) Photométre 
Un photométre I (figure 1) a été construit dans nos laboratoires pour 
étudier la concentration du bioxyde d’azote. Le systéme optique consiste 
essentiellement en un faisceau lumineux émis par une lampe d’automobile 
(G.E.-1130), filtré par un filtre violet de 4 mm. d’épaisseur (Corning 5113) 
et dirigé sur une cellule photoélectrique RCA-929. Le courant produit par la 
cellule photoélectrique et amplifié par un amplificateur électronique L sert 
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Fic. 1. Photométre et appareil de calibration. 

A—air; B—azote; C—rdgulateur de pression; D—NOz liquide; E—éléments chauffants; 
F—déssechants; P20; et CaCl.; G—filtre; H—compteurs de débit; J—photométre; J—cellule; 
—— d’échantillonnage; L—amplificateur; M—enrégistreur; N—mélange des gaz, air 
et 2. 


a actuer un milliampéremétre enrégistreur M (Esterline-Angus, 0 a 1.0 
milliampére d-c. modéle AW). La stabilité de l’instrument est assurée par un 
régulateur de voltage Sola dans le circuit de l’amplificateur et de la source 
lumineuse. 

Le vaste intervalle de concentration de bioxyde d’azote impliqué dans ce 
travail a nécessité l’emploie de deux cellules de transmission J. Une courte 
cellule de verre, 2.8 cm. de diamétre par 2 cm. de long, a servi a déterminer les 
concentrations entre 0.2% et 13% v/v. L’intervalle inférieur, de 0 4 0.5% a 
été étudié dans une longue cellule, 3.8 cm. de diamétre par 100 cm. de long. 
La courte cellule a été modifiée au cours de ce travail pour permettre le mé- 
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lange des gaz a |’intérieur méme de la cellule. Cette modification a été ren- 
due nécessaire par la vitesse, trés considérable aux hautes concentrations 
d’oxyde d’azote, de l’oxydation de l’oxyde d’azote par l’oxygéne. Le systéme 
optique, ainsi que les deux cellules, était inséré dans un cabinet a l’épreuve 
de la lumiére. 

Le photométre a été calibré par analyse chimique. La concentration totale 
d’oxyde d’azote dans un échantillon de mélanges gazeux soumis au photométre 
a été déterminée chimiquement et rapportée sur un graphique en fonction 
de la transmission lumineuse. Tel qu’indiqué sur la figure 1, les mélanges 
gazeux ont été préparés par vaporisation de bioxyde d’azote liquide D, dans 
un courant lent d’azote sec et par la dilution du riche mélange ainsi obtenu 
dans un large volume d’air sec et filtré N. Sous un débit constant d’azote et 
d’air, le mélange était enrichi en bioxyde d’azote par l’élévation de la 
température du bioxyde d’azote liquide a l’aide d’un élément chauffant E. 
La condensation du bioxyde d’azote sur les parois de la canalisation du 
mélange riche a été prévenue a l’aide d’un élément chauffant Ee, sur la canali- 
sation elle-méme. La température des gaz était mesurée, aprés mélange, a 
l’aide d’un thermométre. Le mélange gazeux s’écoulait 4 travers la cellule de 
transmission lumineuse J vers un ballon calibré pour l’échantillonnage K. 
Aprés quelques minutes d’opération, l’équilibre thermique était atteint dans 
le systéme entier et le photométre indiquait alors une transmission constante. 
Un échantillon de gaz était alors obtenu et absorbé dans un mélange d’acide 
sulfurique et de permanganate de potassium et analysé pour déterminer les 
oxydes d’azote (11). Des ballons d’échantillonnage de 200 cc. ffrent employés 
pour les mélanges riches, analysés dans la courte cellule, et de 5 litres pour les 
mélanges plus dilués, analysés dans la longue cellule. L’absorption compléte 
des oxydes d’azote dans le mélange gazeux était assurée par une agitation 
énergique des ballons pendant environ 12 heures. 

L’appareil utilisé pour les mesures d’oxydation était en tout point 
semblable a celui employé dans la calibration. Dans le premier cas, le bioxyde 
d’azote liquide est remplacé par l’oxyde d’azote gazeux et I’air par I’azote. 
Le mélange d’oxyde d’azote a l’azote était effectué dans un ballon mais 
l’oxygéne n’était ajouté a ce mélange primaire qu’a l’entrée de la longue 
cellule ou directement a |’intérieur de la courte cellule. Pour un mélange 
rapide et complet, la rencontre des deux courants gazeux s’effectuait 4 angle 
droit. Les trois courants gazeux étaient controllés par des régulateurs de 
pression C, et mesurés par des compteurs calibrés de débit gazeux H. 


(b) Ozonateur 

Un ozonateur Welsbach (Model T-23) (6) a été utilisé avec un courant 
d’oxygéne comme source d’ozone. L’appareil était refroidi par de l’eau courante. 
La canalisation de l’ozone était en acier inoxydable. 

L’ozone a été analysé par la méthode conventionnelle a l’iodure de potassium 
(12). De 1 4 3 litres d’oxygéne ozonisé étaient absorbés lentement dans 
approximativement 150 cc. de solution 4 2% d’iodure de potassium. La 
solution résultante était alors acidifiée et titrée pour l’iode avec-du thiosulfate 
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de sodium, 0.1 normal, a l’aide d’amidon comme indicateur. L’accord entre les 
déterminations successives était d’environ 1%. 


2. Procédé 


(a) Calibration du photométre 

Les résultats de l’analyse chimique des échantillons gazeux étaient tout 
d’abord exprimés en moles de bioxyde d’azote dans le volume connu 
d’échantillon et par la suite réduit en moles par litre. Cependant, une partie 
du bioxyde d’azote révélé par analyse chimique apparaissait dans la cellule 
de transmission a l'état de tétroxyde d’azote transparent, a cause de |’équilibre 
instantané bien connu entre ces deux oxydes d’azote (1, 4, 13, 14). Consé- 
quemment, l’effet de cette réaction secondaire a été incorporé dans la cali- 
bration par le calcul des concentrations d’équilibre du bioxyde d’azote (NO, 
“optique’’) et de tétroxyde d’azote en fonction du volume pourcent de 
bioxyde “‘chimique”’ (NOz + 2N,0,), figure 2. Les transmissions observées et 
calculées furent alors rapportées sur les graphiques de calibration en fonction 
du bioxyde chimique. 

Lés concentrations d’équilibre de bioxyde et de tétroxyde d’azote dans les 
mélanges gazeux employés ont été calculées entre des limites de concentrations 
de bioxyde chimique variant de 0.005% a 13% par volume a 20°C. et a 25°C. 
a pression atmosphérique. Cette réaction est bien connue. Les constantes 
d’équilibre en fonction de la température ont été mesurées par plusieurs 
chimistes et leurs résultats sont en accord satisfaisant (1, 4, 13, 14). Les 
concentrations d’équilibre peuvent étre calculées pour tout mélange gazeux, 
avec Ou sans gaz inerte, par une méthode d’approximation successive selon le 
procédé suivant. 

Dans un mélange de x mole de bioxyde et (100—x) mole de gaz inerte la 
polymérisation réduit le bioxyde 4 (x —z) mole et forme 2/2 mole de tétroxyde. 
A léquilibre, le nombre total de moles dans le mélange gazeux est donné 
par 

Inerte NO, N:O, Total 


(100 —x) ++ (x—z)+2/2=100—2/2. 

Si la pression totale est d’une atmosphére, les pressions partielles sont 
NO, = (x—2z)/(100—z/2) ats. 
N20, = 2/(2(100—2z/2)] ats. 


et les constantes d’équilibre sont données par 


_ Pros _ Z . (100-2/2)* 
ail 0 2(100—2/2)  (x—s)° 





i 2(100—2/2) 

. 2(x—2z)° 
ou x est la concentration en volume des oxydes d’azote a l'état de bioxyde, 
c’est-a-dire la concentration en volume du bioxyde chimique. Cette équation 
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Fic. 2. L’équilibre 2NO.2=— N,O, a la pression atmosphérique et a 25°C. 
Ordonnée: [N2O,] moles/litre. 
Abscisse: NOz ‘‘chimique’’ [NO2 + 2N20,] moles/litre. 


peut étre résolue en fonction de z par approximation successive. Les résultats 
a 25°C. sont présentés sur la figure 2. 

Une courbe de transmission théorique, intégrée dans |’intervalle de longueurs 
d’onde transmises par le filtre et basée sur les caractéristiques de la cellule 
photoélectrique, a été calculée en fonction de la concentration du bioxyde 
d’azote a l'aide de l'équation de Beer. 


1/T = I,/I = 10 
ou T est la transmission, 
Io, I sont les intensités incidentes et transmises, respectivement, 
k est le coefficient d’absorption pour NOs, 
c est la concentration de NO: optique en mole/litre, 
et dest la longueur de la cellule en cm. 


La méthode d’intégration graphique employée dans le calcul des trans- 
missions théoriques est la suivante: tout d’abord la réponse de la cellule 
photoélectrique RCA-929 employée dans le photométre, a l’énergie émise 
par une source au tungsténe a 2870° K., a été rapportée en fonction de la 
longueur d’onde d’aprés les données du manufacturier. 

La transmission du filtre employé (4 mm. Corning 5113) (2) s’étend entre 
350 mu et 480 mu. Le produit de la réponse de la cellule photoélectrique par 
la transmission du filtre 4 une longueur d’onde donnée donne la réponse du 
photométre entier a travers des cellules vides. Les courbes ‘‘zéro’’ NO» (figures 
6 et 7) ont été obtenues de cette facon pour tout I’intervalle de longueurs 
d’onde transmises par le filtre. 
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Les coefficients d’absorption du bioxyde d’azote dans l’intervalle de 
longueurs d’onde considérées ont été obtenus des données de Hall et Blacet 
(5). Aprés avoir traduit leurs résultats en des unités comparables, les co- 
efficients d’absorption publiés par Hall et Blacet (5), par Holmes et Daniels 
(7) et par Dixon (3) ont été trouvés en accord quasi-parfait. Les coefficients 
d’absorption a six longueurs d’onde ont été obtenus d’une courbe unie tracée 
sur la courbe a structure fine publiée par Hall et Blacet. La longueur d’onde, 
le coefficient d’absorption de NOs» et la réponse du photométre aux longueurs 
d’onde choisies sont donnés dans le Tableau I. 


TABLEAU I 


DONNEES EMPLOYEES DANS LES CALCULS DE TRANSMISSIONS 








Coéfficient Réponse, 
Longueur d’onde d’absorption, unités 
mole litre cm. arbitraires 





366 130 1.34 
405 145 14.66 
415 148 16.40 
425 146 16.34 
436 138 -14.18 
460 121 5.5 





Les transmissions ont été calculées 4 six longueurs d’onde pour plusieurs 


concentrations de bioxyde d’azote. Dans le cas de la cellule de 2 centimétres, 
des concentrations de 5, 10, 15, 20, 30 et 40 10-* moles/litre ont été étudiées 
et sont présentées sur la figure 7. Pour le cas de la longue cellule, les trans- 
missions ont été calculées pour des concentrations de 10, 20, 30 et 4010-® 
moles /litre comme le démontre la figure 6. Le produit de la transmission 
obtenue par la réponse du photométre a travers des cellule vides donne la 
réponse du photométre a travers différentes concentrations de bioxyde pour 
l’intervalle de longueurs d’onde transmises. 

Les surfaces limitées par chacune des courbes ont été mesurées A I'aide 
d’un planimétre Ott. La transmission totale d’une concentration donnée, soit 
20X10-* moles/litre, est le rapport de la surface limitée par la courbe de 
20X10-* moles/litre 4 la surface limitée par la courbe 4 0 moles/litre. Les 
transmissions intégrées ainsi obtenues ont été rapportées pour des concentra- 
tions de 5, 10, 15 et 20K 10~ moles/litre (6.1, 13.3, 22.4 et 33.5 10-* moles/ 
litre NO, chimique) sur la figure 3. Sur la figure 4, les transmissions théoriques 
sont rapportées pour des concentrations de 10, 20, 30 et 40X10-* moles/litre 
(10, 20.1, 30.3 et 40.6X10-* moles/litre NO, chimique). 

Malgré les incertitudes provenant de l'emploi des données du manufacturier 
pour la réponse de la cellule photoélectrique et pour la transmission du filtre, 
l'accord entre les transmissions calculées et les transmissions obtenues 
expérimentalement est remarquable, spécialement dans le cas de la cellule 
de 100 centimétres of la concentration d’équilibre du tétroxyde est presque 
négligeable. 

La figure 3 illustre la calibration finale de la cellule de 2 centimétres et la 
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m0 470 


Fic. 6. Réponse du photométre en fonction de la concentration du NO, et de la longueur 
d’ondes de la lumiére incidente. Cellule de 100 cm. 
Ordonnée: Unités arbitraires. 
Abscisse: Longueur d’ondes mu. 
Fic. 7. Réponse du photométre en fonction de la concentration du NO:2 et de la longueur 
d’ondes de la lumiére incidente. Cellule de 2 cm. 
Ordonnée: Unités arbitraires. 
Abscisse: Longueur d’ondes mu. 


figure 4 celle de la cellule de 100 centimétres. Dans les limites de concentra- 
tions indiquées, la loi de Beer est confirmée en accord avec les récentes 
données de Norris (10) et de Hall (5). Aux plus hautes concentrations cepen- 
dant (figure 3) la droite prédite par la loi de Beer entre la concentration et 
la transmission est masquée par |’équilibre 


2NO.— N.Q,. 


Cependant, une relation linéaire est obtenue si la transmission est rapportée 
en fonction de la concentration du bioxyde optique, comme dans la figure 5, 
plut6t qu’en fonction de la concentration du bioxyde chimique. 

L’accord obtenu entre toutes les méthodes de calcul ou de mesure de la 
concentration du bioxyde d’azote est démontré sur une courbe de calibration 
(figure 4). La déviation moyenne de +10% pour les 16 mélanges utilisés pour 
la calibration est légérement supérieure 4 la déviation de +8% publiée par 
Norris (10). Les fluctuations légéres de température entre le mélange et 
l’échantillonnage peuvent expliquer cette différence. 


(b) Mesures d’ozonisation 

Toutes les mesures d’ozonisation ont été effectuées sur des systémes dyna- 
miques. Aprés avoir permis au circuit photométrique d’atteindre son équilibre 
thermique, la circulation d’azote sec et d’oxygéne était établie 4 travers la 
cellule de transmission. Aprés l’obtention d’une transmission constante 
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Fic. 3. Courbe de calibration du photométre. Cellule de 2 cm. 

Concentrations obtenues par analyse chimique. 
— — —Concentrations calculées d’aprés les propriétés optiques du systéme. 
Ordonnée: Transmission To: 
Abscisse: NO: ‘“‘chimique”’ [NOz + 2N20,] moles/litre X10‘. 

Fic. 4. Courbe de calibration du photométre: Cellule de 100 cm: 
OConcentrations obtenues par analyse chimique. 
@Concentrations calculées d’aprés les débits relatifs des gaz. 
— — —Concentrations calculées d’aprés les propriétés optiques du systéme. 
Ordonnée: Transmission %. 
Abscisse: NO: ‘‘chimique’’ [NO2 + 2N20,] moles/litre < 10°. 





l’enregistreur était ajusté 4 0% et a 100% de transmission. L’oxyde d’azote 


était alors ajouté au courant d’azote dans des proportions connues pour obtenir 
un mélange propice a l'étude. Le photométre répondait alors en indiquant 
une transmission inférieure caractéristique non seulement de la concentration 
absolue du monoxyde et de l’oxygéne mais aussi caractéristique du débit du 
mélange gazeux a travers la cellule. L’ozone était ajouté au mélange aprés la 
détermination de la concentration du bioxyde, produit par l’oxydation du 
monoxyde par l’oxygéne durant le temps de réaction, depuis le mélange des 
gaz jusqu’éa la mesure de leur transmission. L’effet d’une quantité connue 
d’ozone sur l’oxydation d’une quantité connue de monoxyde d’azote était 
alors déterminé par la différence entre les deux mesures consécutives de trans- 
mission. Habituellement chaque mélange gazeux était soumis 4a l’action de 
quatre différentes concentrations d’ozone. La composition du mélange original 
était de plus toujours déterminée a la fin de chaque expérience en permettant 
au mélange dans la cellule de s’oxyder complétement. L’accord était satis- 
faisant. A cause de l’augmentation de la vitesse d’oxydation du monoxyde 
par l’oxygéne avec l’augmentation de la concentration du monoxyde (1), le 
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Fic. 5. Transmission de la lumiére (350 4 480 my) par le NOs. 
Ordonnée: % Transmission. 
Abscisse: NO: ‘‘optique” mole/litre X10‘. 


débit du mélange gazeux a été augmenté de 2 a 4 litres par minute pour les 
mélanges dilués et de 4 a 7 litres par minute pour les plus riches, de fagon a 
obtenir une transmission initiale considérable. Conséquemment, le temps de 
réaction alloué aux mélanges riches avant la mesure de la transmission était 
d’environ 0.10 seconde comparé 4 environ 25 secondes pour les mélanges 
dilués. 

Cependant, cet effet était presqu’entiérement contrebalancé par la grande 
concentration d’oxygéne nécessaire 4 la production suffisante d’ozone pour 
produire un effet sur la courbe de transmission. De plus, le débit maximum 
de mélange gazeux était limité par le débit maximum d’ozone. Conséquemment, 
pour les mélanges riches, le temps de réaction était court, la vitesse de réaction 
était grande, A cause de la haute concentration de monoxyde d’azote et 
d’oxygéne, et l’effet de l’ozone était petit A cause de la petite quantité relative 
d’ozone qui pouvait étre ajoutée aux mélanges gazeux avec |’instrument 
employé. D’od la difficulté de mesurer avec précision la petite différence entre 
les transmissions produites par les mélanges oxygénés et celles produites 
par les mélanges ozonizés. Cette piétre précision explique les rapports [NO2]/ 
[O;] théoriquement impossibles obtenus, pour la plupart, 4 de hautes con- 
centrations de monoxyde d’azote. Pour les basses concentrations, il était 
toujours possible d’augmenter ce rapport a l’unité, mais jamais beaucoup 
plus haut, en augmentant le débit du mélange gazeux. 

Des gaz humides ont aussi été employés dans quelques expériences. Dans 
ce cas, l’azote était humidifié dans un laveur a gaz et filtré par un filtre ‘‘milli- 
pore’. L’humidité relative était calculée par des mesures de température de 
condensation. 
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RESULTATS EXPERIMENTAUX 

Quatre-vingt-dix mesures ont été obtenues, dont 36 ont été rejetées a 

cause de conditions expérimentales inadéquates. Sur les 54 mesures acceptées, 

34 ont été faites sur des gaz secs et 20 sur des gaz humides. Comme le démontre 


le Tableau II, les concentrations relatives des gaz ont été variées entre de 
vastes limites dans les mélanges employés. 


TABLEAU II 
MESURES D’OZONISATION SUR DES GAS SECS; TEMPERATURE AMBIANTE, PRESSION ATMOSPHERIQUE 








Concentration des gaz, % v/v 





Nombre de [NOz] 








NO O; Oz Ne mesures [Os] 
0.05 0.002-0.018 1.56-12.5 98 .4-87.4 4 1.12 
0.10 0.003-0.091 2.5-5 97 .5-95.0 5 0.98 
0.12 0.014-0.115 1.6-12.5 98 .3-87.3 4 1.01 
0.17 0.02-0.082 2.95-12.5 97-87 .4 3 0.97 
2.03 0.16-1.28 4.1-33.3 93 .6-63.3 4 0.81 
3.9 0.06-0.17 4.22 91.7 3 0.94 
4.8 0.05-0.17 4.22 90.8 3 1.15 
6.1 0.29-0.53 15.9 77.5 2 0.93 
13.3 0.06-0.64 18.2 68.0 6 0.49 





Dans tous les cas, la concentration d’ozone variait depuis des traces jusqu’a 
des quantités appréciables. Une chafne de réaction n’a jamais été observée 
sous aucune condition étudiée. Les difficultés expérimentales rencontrées dans 
l’étude des mélanges riches, tel que discutées précédemment, sont démontrées 
par les rapports observés pour des concentrations de monoxyde de 13.3% et 
10%. Dans ces cas il a été impossible, avec l’instrument employé, d’augmenter 
la sensibilité des mesures au point d’obtenir un rapport approchant I'unité. 
Cependant, il est logique de présumer une telle possibilité sous des conditions 
propices de débit comme fut le cas pour tous les mélanges dilués. 

Le Tableau III donne des résultats similaires pour les gaz humides. 


TABLEAU III 


MESURES D’OZONISATION SUR DES GAZ HUMIDES; TEMPERATURE 
AMBIANTE, PRESSION ATMOSPHERIQUE 











Concentration des gaz, % v/v 








Humidité, Nombre de [NO2] 
% NO O; Oz N2 mesures [Os] 
38 13.3 0.06-0.64 18.2 68 4 0.48 
53 10 0.06-0.64 16 74 4 0.70 
44 5 0.03-0.35 10 85 4 1.04 
62 1 0.007-0.7 2 97 4 0.79 
59 0.5 0.007-0.7 2 97.5 4 0.99 





La comparaison des deux tableaux ne démontre aucune différence appréci- 
able entre les résultats pour des gaz secs ou humides. A l'exception de ceux 
obtenus aux trés hautes concentrations de monoxyde d’azote les rapports 
[bioxyde d’azote]/[ozone] s’étendent entre 0.7 et 1.15 et donnent une moyenne 
de 0.95+0.1. 
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Une réaction en chaine n’a jamais été obtenue au cours de ce travail. Des 
rapports inférieurs 4 l’unité ont été obtenus en maintes occasions a cause de 
limitations instrumentales et ont pu étre corrigés dans presque tous les cas. 
Cependant aucune détermination n’a conduit 4 un rapport supérieur a 1.15. 


DISCUSSION DES RESULTATS 
En 1950 Zabolotskii publiait une courte communication (15) sur le réle 
catalytique de l’ozone dans l’oxydation de |’oxyde d’azote par l’oxygéne. II 
soutenait alors que la quantité d’ozone employée dans I’oxydation de l’oxyde 
d’azote est considérablement inférieure 4 la quantité requise par la réaction 


stoichiométrique, 
NO + 0; — NO: + O2 {1} 


od le rapport [bioxyde d’azote]/[ozone] est égal a l’unité. 

Cependant, tous nos résultats indiquent clairement un rapport entre 
l’ozone et l’oxyde d’azote égal a l’unité, bien que certaines de nos expériences 
ont été effectuées sur des mélanges gazeux identiques 4 ceux décrits par 
Zabolotskii. 

Dans toutes les expériences décrites ici, la transmission due au bioxyde 
formé par l’oxygéne était maintenue 4 une valeur aussi élevée que possible 
de sorte que |l’échelle compléte de l’enregistreur pouvait étre réservée a la 
mesure de |’effet de l’ozone: des chafnes d’oxydation supérieures a |l’unité 
auraient été trés facilement décelées si elles avaient existées dans le systéme 
étudié. 

De plus, l’exactitude des résultats est démontrée par les oscillations des 
rapports obtenus autour de Il’unité, si légéres vis 4 vis de si vastes limites de 
concentration du bioxyde d’azote. Finallement, |’accord satisfaisant entre les 
différentes méthodes de calibration indique la véracité des résultats. 

Dans une étude récente sur l’oxydation de |’oxyde d’azote par |’ozone pur a 
de basses températures, Johnston et Crosby (8) établissent la réaction pri- 
maire, bimoléculaire indiquée par l’équation 1. 

Dans un excés d’ozone, la réaction secondaire serait naturellement (9). 

2NO:2 + O: > N20; + Oz. 


Cependant, sous le léger excés d’ozone employé par les auteurs ({O3]/[NO.] 
= 1.1 a 2.2), la réaction secondaire, a été négligée parce que, quoique trés 
rapide, elle était encore beaucoup plus lente que la réaction primaire. Quoiqu’- 
une chaine de réaction ne pouvait étre obtenue dans le systéme étudié par 
Johnston et Crosby, a cause de l’absence compléte d’oxygéne, leurs résultats 
sont mentionnés pour supporter la réaction de base (1) qui s’applique égale- 
ment dans ce travail. Bien qu’un accord complet ne puisse étre invoqué, a 
cause des conditions expérimentales trés différentes, les résultats de Johnston 
et Crosby (8) soutiennent nos résultats. 


SOMMAIRE ET CONCLUSION 
L’ozone n’a aucun effet catalytique sur l’oxydation de l’oxyde d’azote par 
l’oxygéne sous les conditions étudiées. Dans de vastes limites de concentra- 
tions d’oxyde d’azote, 0.05% a 13%, a la température ambiante et sous la 
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pression atmosphérique, nos résultats indiquent clairement la réaction 


stoiquiométrique entre l’ozone et l’oxyde d’azote telle qu’indiquée par |’équa- 
tion 
NO + Os; =? NO: + Ox. 


Sous des conditions expérimentales identiques a celles de Zabolotskii il 
nous fut impossible de reproduire ses résultats. 
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THE HALF-LIFE OF Ni®' 


By C. C. McMULLEN,? B. D. Pate,?4 R. H. ToMLINSON,? AND L. YAFFE® 


ABSTRACT 


The half-life of Ni® has been found by a specific activity determination to be 
125+6 years. The number of atoms of Ni® was determined mass spectro- 
metrically and the disintegration rate by 4x8-counting. The cross section for 
the reaction Ni®(n, +) Ni® has been found to be 21+2 barns, in good agreement 
with that found by Pomerance. 


Ni® is a radionuclide decaying by the emission of negative electrons with a 
maximum energy of 67 kev. to the ground state of Cu®. The mass assignment 
has been established by the neutron irradiation of enriched nickel isotopes 
(1, 2). Various values have been assigned to the half-life of Ni®*, each being 
based on a value of 14.8 barns (9) for the neutron capture cross section of Ni®. 
Previously published values are given in Table I. 


TABLE I 
HALF-LIVES ASSIGNED TO Ni® 











Half-life Determined by 
“Several hundred years’’ Friedlander (2) 
61 years Wilson (10) 

85 years Brosi et al. (1) 





Up to this time no attempt had been made to determine the half-life by a 
specific activity measurement. To do this it is necessary to determine N, the 
number of atoms of Ni®, and the disintegration rate. Since the disintegration 
rate, —dN/dt, equals NX where X is the disintegration constant, one can 
determine the half-life, 4, from the well-known relationship \ = 0.693/tj. 

We have determined N mass spectrometrically and the disintegration rate 
by an absolute 6- measurement. 


EXPERIMENTAL 
A. Irradiation 
Nickel oxide, enriched in Ni®,* was irradiated in a ‘tray-rod’ position in 
the center of the NRX nuclear reactor at Chalk River for a period of about 
three months. The maximum flux in the position used was 5.8 X 10" neutrons/ 
cm.?/sec. and the integrated flux was 2.15+0.20 X10?° neutrons/cm.? 


1Manuscript received August 27, 1956. 

Joint contribution from the Radiochemistry Laboratory, Department of Chemistry, McGill 
University, Montreal, Que., and Department of Chemistry, Hamilton College, McMaster Uni- 
versity, Hamilton, Ont., with financial assistance from the Atomic Energy Control Board, the 
National Research Council, and Atomic Energy of Canada Lid. 

2Department of Chemistry, Hamilton College, McMaster University, Hamilton, Ont. 

%Radiochemistry Laboratory, Department of Chemistry, McGill University, Montreal, Que. 
a address: Department of Chemistry, Brookhaven National Laboratory, Upton, L.I., 


*We wish to express our appreciation to the Stable Isotope Research and Production Division 
of Oak Ridge National Laboratory, Oak Ridge, Tenn., for providing the enriched nickel oxide. 
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B. Mass Spectrometry 
(1) Production of Nickel Ions 


Various nickel salts were found to be unsuitable for the production of nickel 
ions by ionization on the surface of a tungsten filament. Nickel metal plated 
on a tungsten filament also proved unsatisfactory, since this gave ions only 
at the extremely high filament temperatures which occurred when the filament 
burnt through. 

Success was achieved, however, by plating the nickel out as a ‘black’ with 
high surface area on a tungsten filament. The concentration of nickel in the 
plating solution was about 1 mgm./ml. A platinum anode was used and the 
nickel was plated out from ammoniacal nickel sulphate solutions at high 
current densities. 

The nickel deposit obtained in this manner gave positive ions at tempera- 
tures intermediate to those used for the production of ions from salts of alkali 
and alkaline earth metals. The positive ion current from a deposit of the 
nickel black was not observed above the temperature at which the nickel 
melted. 

It is believed that this method of producing positive nickel ions should also 
prove useful for other elements with high ionization potentials. 


(2) Measurement 


The measurements were all carried out using a mass spectrometer having 
a 10 in. radius of curvature and a resolution of one unit at mass 450. The ion 
current was measured with a 13-stage electron multiplier and vibrating reed 
electrometer. The shunt factors were calibrated with a potentiometer. About 
10 wgm. of nickel were deposited on the filament when the measurement was 
made. At the temperatures at which the determination was carried out it was 
found that there was no contribution to the ion currents from the nickel parts 
in the spectrometer. 


C. Disintegration Rate Determination 


Since the decay of Ni® takes place by a 8 transition directly to the ground 
state of Cu® the disintegration rate determination must necessarily be made 
by measurement of the 6--radiation. This measurement is complicated by the 
low energies involved and necessitates great care both in source preparation 
and in measurement. 

The method used was 42-counting and the techniques were those which 
have been described previously (4, 5, 6, 7, 8). 


(1) Preparation and Treatment of Solutions 


The short-lived activities in the nickel were allowed to decay away. A 
portion of the nickel oxide was then dissolved in the minimum quantity of 
concentrated hydrochloric and nitric acids and the resulting solution made 
up to a known volume. The nickel concentration of this master solution was 
then determined colorimetrically using the procedure of Mitchell and Mellon 
(3). 


From the master solution two further solutions were prepared in which the 
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original nickel concentration was reduced by a factor of 10? and 10%. The 
determinations of disintegration rates were made from aliquots of these solu- 
tions (now called ‘‘counting solutions’’). 


(2) Source-mounting 


Sources were mounted on accurately calibrated VYNS films (4) coated with 
about 2 to 5 ugm./cm.? of gold (also accurately determined). Corrections for 
absorption of radiation in the film were of the order of 2 to 3% and were 
accurately known (6). Two methods of source preparation were used: 

(i) VYNS films were treated with 40 units/cc. insulin solution and rinsed 
several times with distilled water. Aliquots of the counting solutions were 
evaporated to dryness on these films. The films were continually rocked to and 
fro during the evaporation procedure in order to keep all parts of the originally 
covered area of the film (—1 cm.*) wet until the last possible moment. When 
the amount of solid material in the aliquot used is as small as in the present 
experiment (10-7108 gm. Ni), the macroscopic crystalline deposit described 
previously (8) is not obtained. In the manner described it is possible to produce 
even deposits showing one interference color over the whole area in which the 
active material appears to be uniformly dispersed in the minute amount of 
insulin remaining. 

(ii) The previously described (8) distillation method using nickel dimethy]l- 
glyoxime was also used. An aliquot from the counting solution was pipetted 
into the platinum distillation crucible. To this was added an aliquot from a 
standard inactive nickel solution (to bring the weight of nickel present into 
the 10-*-10~’ gm. range) and the nickel dimethylglyoxime precipitated by the 
addition of suitable amounts of dimethylglyoxime in alcohol and ammonia. 
The material was then evaporated to dryness by means of an infrared lamp and 
the platinum crucible with a calibrated film was transferred to the distillation 
furnace. Nickel dimethylglyoxime was observed to distill cleanly and quan- 
titatively out of the residue at the temperature and pressure previously 
(8) determined. Disintegration-rate determinations were made from a series 
of sources prepared from different sized aliquots of active and inactive nickel 
solutions. 


RESULTS AND DISCUSSION 
The abundances of the isotopes in the irradiated and unirradiated enriched 
nickel are shown in Table II. 


TABLE II 


PER CENT ABUNDANCES OF NICKEL ISOTOPES IN IRRADIATED AND UNIRRADIATED NICKEL 
(Enriched in mass 62) 











Mass 
58 60 61 62 63 64 








Unirradiated 1.88+0.12 2.04+0.10 0.29%0.03 95.64+0.23 — 0.15+0.01 
Irradiated 1.89+0.13 1.9140.14 0.2840.03 95.34+40.25 0.4240.04 0.16+0.02 
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In addition to these results a further series of mass spectrograms was 
obtained for the irradiated nickel in which only the ratio of Ni®/Ni® was 
measured. This ratio was found to be 218+10 and was the one used in the 
calculation of the half-life, i.e. 0.44+0.02% Ni®. 

The following specific activities were obtained: 

(a) Insulin-evaporation method—4.48+0.08 X 10° disintegrations/minute/ 
microgram of nickel. 


(6) Distillation of nickel dimethylglyoxime—4.52+0.03 X10° disintegra- 
tions/minute/microgram of nickel. 

The agreement between the specific activity measurements made by the 
two different source-mounting techniques is gratifying. It is, however, in 
disagreement with previous work (8) where it was suggested that a self- 
absorption of —6% of the Ni® 8@--radiation occurs in the thinnest sources 
prepared by the distillation method. It would be extremely unlikely that all 
the sources prepared by the insulin-evaporation technique had a self-absorp- 
tion of —6%. It appears that the self-absorption effects in both cases are 
small, and less than the errors quoted. The reason for the constant value of 
the specific activity found previously (8) over the initial source thickness 
range is not clear. It may be that a scattering phenomenon, like that in low 
geometry systems, is responsible. 

One can check the expected self-absorption theoretically. Assume as a first 
approximation that the crystals arising from the distillation are spherical 
with radius R. If the absorption of the Ni® 8--radiation is taken to be exponen- 
tial with an absorption coefficient 4 = 0.87 cm.?/mgm. (8) it may be shown 
that the magnitude of the self-absorption (the ratio of the observed specific 
activity, NV,, to the true specific activity, Ny) is given by 

7 = R-3uR = 1—3(uR). 

The crystals actually found (4) were of the order of 1 w long and about 
0.2 w in diameter. If one adopts as approximately equivalent a sphere of 
diameter 0.4 », then R = 0.2 u. If the density of the material is approximately 
unity, then R = 0.02 mgm./cm.? From this, one calculates a self-absorption 
of about 1%, substantiating the above observations. 


Half-life Calculation 


Specific activity = (4.50+0.05) X10 dis./min./ygm. Ni. 

Contributions to the activity by other nickel isotopes can be neglected. 
The shorter-lived ones were allowed to decay. Ni5*, a nuclide decaying by 
K-capture with a half-life of 8X10‘ years, contributes a negligible amount 
(—10-*) because of the low abundance of Ni®® in the original.sample, the 
low efficiency of the counter for X rays, and the long half-life of Ni®*. 
Atomic weight of unirradiated enriched nickel = 61.82. 


Abundance of Ni® relative to Ni® = 0.44+0.02. 
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Therefore, since AN = disintegration rate 


23 ‘ 

6.02 X10 9-60.44 10-2 x 2093 = 4.5010, 
61.82 i) 

65404 minutes 


125+6 years. 
Cross Section for The Reaction Ni®(n, y)Ni® 


Since the half-life of Ni® is long compared to the time between irradiation 
and mass spectrometric analysis, then 


Nes = Neo a(nv)t 
where Ne/Ne3, the ratio of the number of Ni® to Ni® atoms, is 218+10, 


(nv)t, the integrated flux, is 2.15+0.20X10?° neutrons/cm.?, 
and _ av is the neutron cross section for the reaction Ni®(m, y)Ni®, 


and t 


whence o = 21+2 barns. 


This is the cross section for pile neutrons and agrees quite well with 
Pomerance’s (9) value of 14.8 barns. If one bases the half-life value obtained 
by Brosi et al. (1) on our cross section value, they obtain 120 years for the 
half-life of Ni®, in excellent agreement with our value. 
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EXTRACTION OF A LIGNIN FRACTION FROM MAPLE WOOD BY 
LIQUID AMMONIA! 


By M. M. YAN? AND C. B. PuRVEsS 


ABSTRACT 


Solvent-extracted maple wood meal’when re-extracted with nearly anhydrous 
liquid ammonia at room temperature (about 150 p.s.i.) lost most of its acetyl 
groups as 4% of acetamide, 0.9% of a polyuronide, and about 1% of lignin. 
When fractionated, the latter yielded half its weight as subfractions that were 
nearly uniform in composition and whose cryoscopic molecular weights in 
dioxane were al! near 1000. If the sample was indeed homogeneous, the 
corresponding molecular formula, C42Hs3s010(0H)s(OCHs)7, suggested that this 
fraction was chemically less condensed than the bulk of the lignin in the wood. 
The behavior of the fraction toward methanolysis, toward oxidation with 
periodate, and in a sulphite cook is described. 


INTRODUCTION 


As noted in a previous article (17), 99.5% liquid ammonia could extract 
up to 14% by weight of a hardwood meal, and the extract could include up to 
30% of the lignin. Since the chemical action of nearly anhydrous liquid 
ammonia was expected to be mild, and the yield of extract was substantial, 
it seemed desirable to study the action of liquid ammonia upon a hardwood in 
greater detail. Maple wood flour, thoroughly freed from soluble materials by 
extractions with alcohol—benzene and with water, was chosen for this purpose. 

Although preliminary experiments showed that extraction with liquid am- 
monia was more effective at 100°, or even .at 45°, a temperature of 25° was 
adopted in order to minimize the risk of chemical change. Since the extraction 
proceeded rapidly for the first few hours, and very slowly thereafter, the time 
of extraction could be limited to five hours. An apparatus was built in which 
1 kgm. of the wood meal could be conveniently treated with 5 kgm. of anhy- 
drous liquid ammonia at 25° near 150 p.s.i., and the extract separated and 
evaporated, all without access of atmospheric moisture. As Fig. 1 shows, the 
amber-colored extract yielded: a crude polysaccharide, which was not exam- 
ined in detail, but which was probably a pectin; a pure, crystalline acetamide 
amounting to at least two-thirds of the acetyl groups originally in the wood; 
and various crude lignin fractions which differed in their solubility and Klason 
lignin content (74.0, 90.2, and 84.5% for Fractions II, IV, and IVa, respec- 
tively). The yield of acetamide corresponded to 2.92% as acetyl groups, and 
with this correction the recovery of the total extract was about 88% of the 
loss in weight of the wood. Although Bishop (2) described the isolation of a 
polyuronide, of acetamide, and of a lignin fraction from a liquid ammonia 
extract of wheat straw holocellulose, the present appears to be the first occasion 
when similar observations were made on a whole wood meal. 


1Manuscript received July 30, 1956. 

Contribution from the Division of Industrial and Cellulose Chemistry, McGill University, 
and the Wood Chemistry Division, Pulp and Paper Research Institute of Canada, Montreal, Que. 
Abstracted from a Ph.D. thesis submitted to the University by M.M.Y. in September, 1947. 

2Present address: Central Research and Development Division, Abitibi Power and Paper Co. 
Lid., Sault Ste. Marie, Ontario. 
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Solvent-extracted 
maple wood meal 


Lig. NH; at 25° 
tis0 p.s.i.) 
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94.3% 





Residue 
I. Polysaccharide 











Extract Residue 
III. Acetamide MeOH, then 
4% H,O 





| | 
Precipitate Soluble 
IV, wel Lignin 0.5% 


0 


Fic. 1. Extraction of maple wood meal with liquid ammonia. All percentages based on 
original wood. 


The crude lignin Fractions IV and IVa, which differed mainly in physical 
state, were each separated into three portions by a tedious series of extractions 
and precipitations, the relative amounts of these portions differing in the two 
cases. The first portions, insoluble in both dioxane and methanol, gave a weak 
response in the Maule (15) test for angiosperm (syringyl) lignin, and no 
red-violet color in the phloroglucinol — hydrochloric acid test (4) for lignins 
in general. The resinous, impervious character of these portions was sufficient 
to make them dissolve only very slowly in cold 1% sodium hydroxide, pyridine, 
or glacial acetic acid, and might have interfered in the above tests. Both the 
second portion, soluble in dioxane but not in methanol, and the third portion, 
soluble in both these liquids, were intensely positive in the Maule test, but 
their response in the phloroglucinol test was only moderate. All fractions could 
be precipitated by carbon dioxide from their solutions in dilute aqueous alkali, 
and presumably contained free phenolic, but not carboxylic acid, groups. 

About half of the lignin extracted by the ammonia, corresponding to about 
3% of the original Klason lignin, was isolated as a very light colored powder, 
free of nitrogen, soluble in methanol, and easily soluble in cold, anhydrous 
dioxane to give a clear solution. This solution was optically inactive within 
the limits of observational error, a result which confirmed an earlier observa- 
tion of the optical inactivity of lignin (9) which had to be made with greater 
uncertainty. A solution of the methanol-soluble Fraction IV on fractionaj 
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reprecipitation yielded the subfractions IV-1 to 1V-—4, and the compositions 
of the last three subfractions were practically the same (Table I). Throughout 
the work, care had been taken to avoid the use of mineral acids and alkalies, 
and all evaporation and drying had been carried out under diminished pressure 
at not more than 60°. Adventitious changes in any of the wood constituents 
were therefore near the minimum. These circumstances suggested that it 
would be worth while to determine the molecular weights of the lignin fractions 
provided the method used did not involve an elevated temperature. Cryoscopy 
in pure dioxane was chosen, and was previously used by Payne and his col- 
laborators (12) to determine the molecular weight of a lignin from bagasse as 
1490-1860. As Table I shows, the observed values supported the assumption 
that the lignin. Fraction IV was nearly homogeneous; these values were 
reproducible, and were thought to be reliable to within +125 units. 

The assumption that subfractions IV—2 to IV-4 consisted of a single chemi- 
cal individual led to the molecular formula C42H4g0;;(OCHs)7. When the 
analyses found by Kudzin and Nord (11) for a maple ‘‘native’”’ lignin were 
calculated to a Cy: skeleton, the empirical formula was Cy2H37Ou(OCHs)s.2, 
and those for maple periodate lignin (13) corresponded to C42H34.2016(OCHs)¢.<. 
The liquid ammonia lignin was obviously in a less-oxidized or condensed 
condition than the other two. In accord with this inference, boiling methanolic 
hydrogen chloride changed almost half of the ammonia lignin to water-soluble 
substances, and only 53% was recovered as the water-insoluble methanol 


lignin. Brauns (3) found that the yield of methanol lignin from spruce ‘‘native”’ 
lignin was nearly quantitative. He also showed that his spruce ‘‘native”’ lignin 


TABLE I 
COMPOSITION OF LIGNIN FRACTIONS SOLUBLE BOTH IN METHANOL AND DIOXANE 








Analyses® 
Fraction Yield,* Mol. 
% H, % OCH;, % wt.¢ 


20.7 840 
21.6 1130, 1050 
19.4 _— 
21.6 900, 1350¢ 
21.6 1140 
21.8 1010 
17.4 _ 
20.4 _ 








IVa 
IV 
IV-1 
IV-2 
IV-3 
IV-4 
Native* 
Periodate’ 58. 


MONA AAA AH 
Se ee ee ro 





*By fractionally precipitating a 4.5% dioxane solution of IV with ether. Total yield 96%. 

b’Mean of concordant duplicate or triplicate determinations. Calc. for CisHaOs(OCH) 2: 
58.5; H, 6.4; OCH;, 21.6; mol. wt., 1004. 

¢ From freezing point of dioxane solutions. 

4Value of 1350 observed after reprecipitation from dioxane-ether in almost 100% yield and 
unchanged methoxyl content, and drying for one week in vacuo at 55° 

*Extracted with neutral ethanol by Kudzin and Nord (Ref. 11). 

SRitchie and Purves (Ref. 13). Lignin insoluble in methanol and dioxane. 


dissolved almost completely in a standard sulphite cook, but only 39% of the 
present maple ammonia lignin dissolved when heated for six hours at 130° in 
a calcium bisulphite solution containing 1% of combined and 4.7% of total 
sulphur dioxide. The undissolved portion was sulphonated. Since 17% of 
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the maple ammonia lignin was soluble in 20% aqueous sodium bisulphite at 
room temperature, it seemed probable that the temperature of the cook 
condensed this sample more rapidly than sulphonation promoted its solution 
(5). 

The formula of Fraction IV could be expanded to Cy2H3s010(0H)s(OCHs)7 
because methylation with dimethyl sulphate and alkali introduced five 
additional methyl ether groups per mole; Wright and Hibbert (16), however, 
found that this procedure tended to give slightly too high an estimate. A 
portion of Fraction IV was alternately oxidized with aqueous sodium periodate 
at 20° and extracted with boiling water, as in the isolation of periodate lignin 
from maple wood (13). The moles of periodate reduced per mole of the lignin 
fraction depended on the experimental conditions, and no definite integral 
number could be discovered. Adler and Hernestam (1) recently showed that 
free phenols, as well as 1,2-glycols, reduced aqueous periodate, and in con- 
sequence the results of the present experiments could not be interpreted. 
No less than 39% of Fraction IV dissolved during two oxidation cycles, and 
48% after three, whereas only 25% of the lignin was lost during isolation 
from the wood by five similar oxidations (13). This easy oxidizability by 
periodate, together with the solubility of the ammonia lignin in several 
liquids, showed that the fraction was not representative of the bulk of the 
lignin in the maple wood. The absence of chemical change during the extraction 
of the fraction also remained unproved. 


EXPERIMENTAL 


Mr. A. J. Philip of the Canada Paper Company, Windsor Mills, Quebec, 
kindly supplied a newly cut log of sugar maple (Acer saccharum Marsh) 
from a tree about 90 years old and 9 in. thick, 4 in. of which was heartwood. 
The log was chipped and then ground in a Wiley mill, the portion of 40 to 80 
mesh size amounting to 65 to 73% by weight. This portion was then ex- 
haustively extracted in a large Soxhlet apparatus first with hot ethanol- 
benzene for 72 hr., then with hot ethanol for 48 hr., then with running tap 
water at 55° for 48 hr., and finally with distilled water for four hours. The 
meal was dried in the air, and further dried at 50° im vacuo for three days. 

Small, 3.33 gm., samples of the wood meal were then extracted at 25° 
with 50 gm. of anhydrous liquid ammonia, exactly as described previously 
(17). After extractions lasting 1, 5, 24, 48, and 96 hr., 2.8, 5.6, 5.5, 5.6, and 
6.0% respectively of the wood had gone into solution. Another sample of 
maple wood lost 6.4, 6.9% by weight when extracted for 110 hr. at 25° and 
45°, respectively. When extracted at 100° for 24 hr. a 60-80 mesh sample of 
the wood meal lost 8.9% by weight, and this loss was increased to only 10.6% 
for a sample ground to 140-180 mesh size. 


Extractions with Liquid Ammonia (Fig. 1) 

A bomb of 11 liters capacity was made from a heavy, stainless steel pipe 
48 in. long and 6.5 in. in diameter, which was sealed at one end and threaded 
on the outside of the open end. This thread engaged a similar thread on the 
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inside of a heavy top. Eight bolts could be screwed through the top to press a 
separate heavy lid carrying a lead gasket against the open aperture of the bomb. 
This lid was pierced by an inlet and an outlet tube whose inner ends were both 
protected from the wood meal by disks of 60-mesh steel screen, and whose 
outer ends carried 0.25 in. steel needle valves. The bomb, charged with 1 kgm. 
of the dry wood meal, was chilled to about —10° and set on a suitable plat- 
form-scale. The inlet valve was connected to a cylinder of commercial 99.9% 
ammonia arranged to deliver the liquid, and the outlet valve led through 
heavy rubber tubing to an efficient fume hood. After the bomb was weighed 
to the nearest 120 gm., both valves were opened and the liquid ammonia was 
allowed to run in slowly. At first, a rush of gaseous ammonia escaped because 
the bomb and its contents were insufficiently cooled, and because the heat of 
dilution of the residual moisture in the wood by the ammonia was considerable. 
In later experiments with bark containing about 10% of water, this effect 
raised the external temperature of the bomb in local patches to more than 30°. 
The rate of addition of the liquid ammonia could soon be increased, and 
5+0.25 kgm. could be added within an hour. This amount was sufficient to 
cover the wood meal completely and to reduce the over-all moisture content 
to about 0.3%. The valve on the cylinder, the inlet valve, and the outlet 
valve were then closed in that order, the bomb was brought near room tem- 
perature by a brief immersion in warm water, and was rocked for five hours 
near 25° in a motor-driven carriage. 

After five hours, the bomb was held in an inverted position, and the outlet 
tube was connected by thick-walled rubber tubing to a 12 liter Pyrex flask 
carrying a rubber stopper fitted with glass inlet and outlet tubes. The inlet 
tube projected several inches into the flask, while the shorter outlet tube led 
to the fume hood. When the exit valve on the bomb was carefully opened, 
the liquid ammonia was forced into the flask, the flow being kept slow enough 
to avoid blowing some of the extract out of the receiver. Although the flow 
ceased in about 15 min., about one-fourth of the ammonia remained in the 
bomb. To remove this fraction, another 2.5 kgm. of liquid ammonia was 
added to the bomb, which was sealed and shaken for 30 min. before being 
discharged in the same way. This washing procedure was repeated once. The 
wood meal was then recovered, allowed to stand in the air until nearly free 
from the odor of ammonia, and was stored in a closed container (see below). 
The inlet and outlet tubes of the flask containing the extract and washings 
were protected against atmospheric moisture by tubes containing solid sodium 
hydroxide, and the liquid ammonia was allowed to distill away at atmospheric 
pressure. This process was complete within 24 hr., and the flask was then ready 
to receive the extract from another kilogram of the wood meal. 

A total of 3085 gm., on a bone dry basis, of wood meal lost 175.5 gm. 
(5.7%) in weight during the extraction, but the extract weighed 210 gm. (6.8%) 
after being dried at 50° im vacuo. The discrepancy arose from the retention 
of the amino group in the acetamide. One kilogram of the recovered wood 
meal was re-extracted for 25 hr. near 25° with 5 kgm. of the liquid ammonia. 
The extract yielded 0.54% of the wood as a dark-brown, brittle resin which 
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was insoluble in dioxane. Found: Klason lignin, 71.5, 72.9; OCHs, 19.1, 19.2; 
N, 0.73%. The total loss in weight of the wood meal was therefore 5.7+0.54%, 
or about 6.2%. A duplicate extraction of a second 3 kgm. batch of the wood 
meal by Neubauer yielded 189 gm., or 6.3%, of isolated extract. 


Isolation of a Crude Polysaccharide (Fig. 1) 

The 210 gm. of the dry extract, a red-brown semisolid resin studded with 
crystals, was dispersed by vigorous stirring in 6 liters of methanol, and the 
finely divided, light-brown material (Fraction I) which failed to dissolve was 
removed on a sintered glass suction filter. The filtrate, when diluted with 4 
liters of methanol and kept at —5°, deposited a small additional amount of 
the flocculent material, which was easily separated by decantation from a 
deposit of a brittle, darker resin, 3.5 gm. (Fraction II) and was added to 
Fraction I. Fractions I and II were separately and thoroughly washed with 
methanol, all methanol filtrates and washings being combined and saved. 
Found for Fraction II: Klason lignin, 74.0; OCHs;, 20.3; N, 0.64%. This 
fraction consisted essentially of lignin which was very sparingly soluble in 
methanol, but which dissolved slowly and completely in 1% sodium hydroxide. 
Acidification of the latter solution precipitated most of the material, 5% of 
which was soluble in methanol, 26% in dioxane but not in methanol, and 65% 
insoluble in methanol and dioxane (see below). 

Fraction I, 26.9 gm., amounted to 0.9% of the wood, but the yield in a 
duplicate extraction by Neubauer was 1.2%. This fraction was insoluble in 
water, toluene, ethyl acetate, carbon tetrachloride, and dioxane, either cold 
or boiling, but was partly soluble in pyridine. A 0.66 gm. sample was accord- 
ingly extracted with six 30 cc. volumes of cold pyridine, and the undissolved 
portion was washed with 300 cc. of ether. When the pyridine and ether extracts 
were combined, a yellow curd separated, which was recovered, extracted with a 
little ether, and dried im vacuo. This curd, yield 0.105 gm. or 16% of Fraction 
I, consisted mainly of lignin. Found: C, 54.9; H, 6.4; OCH, 16.2, 16.2%. 
The portion insoluble in pyridine, about 0.55 gm. of a light-brown powder, 
was also dried to constant weight im vacuo. Found: C, 43.7, 43.8; H, 7.0, 6.8; 
OCH:, 4.3, 4.5; pentosan, 7.8, 5.9; Klason lignin, 18.0%. A small sample, 
when sprayed in succession with aqueous potassium permanganate, hydro- 
chloric acid, and ammonia, gave a feeble coloration in the Maule reaction 
(15) for angiosperm lignin. When the carbon and methoxy content of the sample 
was corrected for the presence of 18% of lignin, the results were close to the 
values C, 40.9; OCH;, 0%, required by a polyuronide. The easy solubility of 
the sample in cold dilute alkali, and complete reprecipitation when the solution 
was acidified, were also characteristic of a polyuronide. 


Isolation of Acetamide (Fig. 1) 

The combined methanol liquors were evaporated under diminished pressure, 
and the oily residue was extracted for 30 min. under reflux with boiling ether. 
Acetamide (Fraction III) crystallized when the extract was chilled to —15° 
and was recovered. The mother liquor was then used to re-extract the residue. 
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After a dozen such extractions, the recovery of acetamide was 123.5 gm. 
(4.0%) with a melting point of 80.5° (corr.), undepressed by admixture with 
an authentic sample melting correctly at 81° (corr.). Found: N, 23.5%. 
Calc. for CH;CONH:: N, 23.5%. 


Isolation of Lignin (Fig. 1) 

The gummy residue from the extractions with ether was dissolved with 
some difficulty in 1 liter of methanol; the solution was filtered and was stirred 
into 5 liters of water to precipitate Fraction IV, a yellow powder. A brown oil 
which soon hardened to a crust (Fraction IVa) floated on the supernatant 
liquor and was easily removed. Yield 4.0 gm. after thorough washing with 
water and drying. Found: Klason lignin, 84.5; OCHs, 20.9; N, 0.58%. Evapora- 
tion of the combined aqueous liquors under diminished pressure caused the 
separation of a little more of Fraction IV, and further evaporation of the 
filtrate left a dark-brown, semicrystalline residue weighing 16 gm. and con- 
taining acetamide. 

A 6 gm. sample of Fraction IV was extracted five times during 72 hr. witha 
total of 275 cc. of methanol at room temperature, after which the rate of 
solution was exceedingly slow. The residue, 1.36 gm. or 22.6%, was lignin. 
After a few hours, a small amount of brown resin separated from the amber- 
colored extracts, which were then clear. Each extract was separately diluted 
with two volumes of water, and some of the lignin separated as a faintly 
yellow suspension; about one-third, however, separated as a slightly darker, 
coherent resin which was readily collected. The two portions were thoroughly 
washed with water and dried im vacuo at 55°. Combined yield, 3.54 gm. or 
59%. Both portions dissolved quickly and completely in peroxide-free, 
anhydrous dioxane and the resulting 1% solutions had the same depth of color. 
Both solutions were accordingly combined and filtered to remove a trace of 
insoluble material. When the mixture was poured into three volumes of rapidly 
stirred, absolute diethyl ether, a very finely divided, buff precipitate separated 
and was removed on the centrifuge. It was important to avoid loss of ether by 
evaporation from the moist precipitate, because the residual dioxane quickly 
converted the product to an inconvenient gum. The moist precipitate was 
quickly solvent-exchanged through diethyl ether into low-boiling ligroin, and 
was dried for 24 hr. im vacuo at 55°. Yield 3.0 gm. or 50% of the crude Fraction 
IV. Found: N, 0.0%. The optical rotation in sodium light of a 2.4% solution 
of the purified fraction in dioxane was —0.03°, or zero within the observational 
error in a 1 dm. tube. A further 11.7% of Fraction IV was insoluble in methanol 
but soluble in dioxane, while 6.8% was insoluble in both these liquids. Fraction 
IVa when examined in substantially the same way yielded 49% soluble in 
both methanol and dioxane, 26.4% insoluble in methanol and soluble in 
dioxane, and 5.7% insoluble in both liquids. Table I contains the analyses of 
the most soluble fractions. 

A 2.05 gm. sample of the methanol-soluble, dioxane-soluble Fraction IV 
was fractionally precipitated by solution in 45 cc. of pure dioxane contained 
in a 200 cc. centrifuge cup. Purified chilled diethyl ether, 7 cc., was added 
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drop by drop to precipitate Fraction I1V-—1; additions of 9 cc. and of about 
15 cc. caused the precipitation of Fractions IV-2 and IV-3, and Fraction 
IV-4 was obtained by flooding the mother liquor with ether. Each fraction 
was reprecipitated from solution in 60 cc. of dioxane by the addition of two 
volumes of ether, was thoroughly washed in ether and ligroin, and was dried 
in vacuo at 50°. All were light-colored, highly electrostatic powders (Table I). 

The Beckmann technique described by Findlay (7) was used to determine 
the cyroscopic molecular weights of the lignin fractions in dioxane (Table I). 
Eigenberger’s method (6) was used to free the dioxane from any acetals, and 
after being distilled over sodium the product was stored under nitrogen in the 
dark. In order to obtain reproducible freezing points, it was essential to exclude 
atmospheric moisture (14) by continuously sweeping the Beckmann apparatus 
with dry nitrogen introduced through the side-arm. The gas usually volatilized 
0.5 to 1 gm. of the dioxane, and the exact weight present was found by weighing 
the assembly at the beginning and end of each determination. Using 0.1-0.25 
gm. samples of pure naphthalene in about 15 gm. of the dioxane, the molecular 
freezing point constant was determined as 4.66°, 4.65°, and 4.64°, the value 
established by the careful work of Kraus and Vingee (10) being 4.63°. The 
lignin samples weighed 0.3-0.6 gm., and successive determinations of the 
freezing point of a given solution did not alter the observed depressions of 
0.11° to 0.22° by more than 0.002°. 


Some Reactions of Lignin Fraction IV 

The methylation of 0.60 gm. of the fraction was accomplished by solution 
in 35 cc. of dioxane, followed by the simultaneous addition, with stirring, of 
12 cc. of 35% aqueous sodium hydroxide and of 8 cc. of dimethy] sulphate. 
Two hours later, the emulsion was boiled for 30 min., was acidified, and was 
poured into 500 cc. of water. The dioxane was replaced by 1% sodium hydroxide 
in the subsequent five methylations, after which the methoxyl content of the 
light colored product ceased to increase. Yield, 0.41 gm. Found: C, 61.0, 
61.1; H, 7.0, 6.9; OCHs, 34.6, 34.8%. Calc. for Cs2H3s010(O0CHs)12: C, 60.3; 
H, 6.9; OCHs, 34.6%. 

A 0.32 gm. sample of Fraction IV was methanolyzed by being heated under 
reflux for 48 hr. with 25 cc. of 2% methanolic hydrogen chloride. Access of 
moisture was prevented and a nitrogen atmosphere was maintained. All but 
1.9% of the sample was dissolved; the clear filtrate was neutralized with 
sodium carbonate and poured with stirring into 400 cc. of water. After being 
washed and then dried im vacuo, the chocolate-colored precipitate of methanol 
lignin weighed 0.17 gm., the yield being 53%. Found: OCHs, 28.4, 28.8%. 

Aqueous 4% sodium periodate, 2 cc., buffered to pH 4 with acetic acid, 
was used to oxidize 0.06 to 0.10 gm. samples of the lignin Fraction IV at 25°. 
The residual periodate was determined at intervals by the arsenite method of 
Fleury and Lange (8), and a molecular weight of 1004 was accepted for the 
lignin. After 2, 24, and 72 hr., the moles of periodate reduced per mole were 
1.2, 2.1, and 3.2, respectively. The residual lignin was boiled under reflux for 
three hours in water, as in the isolation of periodate lignin, and was then 
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dried. Yield 64%. In another experiment, the same sample of lignin was 
oxidized with 2.4% sodium periodate for successive periods of 60 hr., 1.2, 
2.0, and 2.7 moles being reduced after 60, 120, and 180 hr., respectively. 
Only 61% and 52% of the lignin remained undissolved after the second and 
third oxidations. 
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THE OH STRETCHING FREQUENCIES OF SOME NEW ALCOHOLS! 


By F. A. L. ANET AND P. M. G. BAvIn? 


ABSTRACT 


The OH stretching frequencies of some new alcohols have been measured in 
dilute carbon disulphide solution. The frequency shifts from the values observed 
for simple alcohols are interpreted in terms of hydrogen bonding, steric hindrance, 
and interaction of the OH group with z-electron systems. 


The frequencies associated with the stretching vibration of the hydroxyl 
group have been measured for some new alcohols, at concentrations low enough 
to eliminate the effects of intermolecular hydrogen bonding (5). 

For simple alcohols, we found the following: primary, 3636 cm.—! (methanol 
to dodecyl alcohol); secondary, 3623 cm.—' (isopropanol and _ s-butanol); 
tertiary, 3615 cm.— (¢-butanol) and 3616 cm.— (#-pentanol). These values are 
in excellent agreement with those reported in the literature (see (3) and (5)), 
their measurement having served to check the calibration of the instrument 
and to justify the method used. 

The alcohol (I), 2-(9-methyl-9-fluorenyl)-propan-2-ol, has a stretching 
frequency of 3615 cm.—', expected for a tertiary alcohol. The value for tri-t- 
butyl carbinol (3628 cm.—') requires the OH bond to be stronger than for the 
simple tertiary alcohols, possibly owing to the very strong steric effects of the 
t-butyl groups weakening the CO bond and hence strengthening the OH 


bond. 


CHs C(CHy, R CH-CH, 
OH OH 


I I 


CH; 


CH; CH,OH 
w y wm 


The alcohols (II) have frequencies close to those of simple secondary alcohols 
(see Table I). 

The tertiary alcohols (III) have abnormally low stretching frequencies, 
around 3545 cm.~! (see Table II) (cf. benzyl alcohol, 3614 cm.~', and tri- 
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TABLE I 








Frequency, cm.~! 
(V) (II) 


Benzyl 3629 
Hydrogen 3627 
Methyl 3627 
Ethyl 3625 


3625 
3598 
t-Pentyl 3596 
t-Butyl 3594 


R 








Isopropyl 





TABLE II 








R Frequency, cm.~! 


Phenyl 3549 
p-Tolyl 3549 
p-Fluorophenyl 3548 
o-Tolyl 3544 








phenylcarbinol, 3606 cm.—'), apparently owing to the proximity of the OH 
group and the ethylenic z-electrons. z-Bonding of a similar nature has been 
postulated previously in connection with other problems (4 and references 
given there). This view is supported by the spectrum of 1-(p-tolyl)-2-cyclo- 
hexylcyclohexanol (IV), which shows a doublet at 3601 and 3623 cm. 
in the region expected for an a-pheny] t-carbinol. The doublet may be due to 
the presence of conformational isomers. 

The alcohols of type (V) offer a more complex problem. Examination of 
the data in Table I shows that they fall into two groups about the isopropyl 
derivative, the spectrum of which shows a doublet. The peaks of the doublet 
correspond to those of the two groups. 





Plane of Ring System 


It appears that when R is isopropyl in (V), rotational isomers of type (VIb) 
become important for the first time. In (V1b), the OH group is in the field of 
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the aromatic z-electrons, interaction with which will weaken the OH bond, 
as with the alcohols of type (III). On this basis, the methyl, ethyl, and benzyl 
derivatives exist largely as (VIa), the t-butyl and ¢-pentyl compounds existing 
mostly as (VIb). Since the isopropyl is the only compound to show a doublet, 
it seems likely to consist of (VIa) and (VId) in approximately equal amounts. 

Measurement of the isopropyl derivative’s spectrum at low temperature 
showed that it was strongly temperature-dependent, the intensity being 
trebled. The low frequency peak, attributed to (VI, R is isopropyl), then had 
almost the same intensity as the other, instead of approximately one half. 

The related alcohol (VII), 9-methyl-9-hydroxymethylxanthene, has a 
stretching frequency of 3597 cm.—!, comparable with that of tetrahydrofurfuryl 
alcohol (3594 cm.—'). The low frequency is probably due to weak intra- 
molecular hydrogen bonding with the ether function. 

Our results show that it is not possible to differentiate between primary, 
secondary, and tertiary alcohols from measurements of the OH stretching 
frequencies, in agreement with other workers. (See (3) and (5).) 


EXPERIMENTAL 


The preparation of the xanthene and fluorene alcohols is described elsewhere 
(1). Preparations of the 1-aryl-2-cyclohexenylcyclohexanols are taken from 
the literature (2, 6). They were distilled at 0.01 mm. to limit decomposition, 
but the o-tolyl derivative was still badly discolored. 

The sample of tri-t-butyl carbinol was generously provided by Professor 
Paul Bartlett to whom we offer our thanks. 

Other samples of alcohols were the purest obtainable. 


1-(p-Tolyl)-2-cyclohexylcyclohexanol 

The cyclohexenyl compound ((III), R is p-tolyl) readily absorbed 1.1 
moles of hydrogen when hydrogenated at atmospheric pressure, using 5% 
palladium on charcoal as catalyst and hexane as solvent. The catalyst was 
removed by filtration through Celite. Concentration of the filtrate gave 
prisms, recrystallized from hexane, m.p. 93-95° (84%). 

The ultraviolet spectrum in ethanol showed a typical p-xylene spectrum 
with maxima at 273, 266.5, 264.5, 258.8, and 252.5 mu. 

The course of the hydrogenation was easily followed in the infrared region. 
A suitable aliquot was removed, filtered, and evaporated, and the infrared 
spectrum of the residue measured in carbon disulphide solution. A typical 
curve is shown in Fig. 1, in which the reaction is almost complete. 


Measurements 

The spectra were measured in carbon disulphide solution using a Beckman 
DK-2 Self-recording Spectrophotometer. Solutions were 0.001 to 0.01 M 
with a 1 cm. light path, giving absorbance readings of 10-40%. 

The low temperature experiment was performed as follows: the end of a 
large centrifuge tube was placed in the sample cell so as not to interfere with 
the light path. The tube dipped into the liquid, which was cooled by slowly 
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. F at 1. (1) 1-(p-Tolyl)-2-cyclohexylcyclohexanol. (2) 1-(p-Tolyl)-2-cyclohexenylcyclo- 
exanol. 

dripping liquid nitrogen into the centrifuge tube. Moisture was excluded 
from the sample by a cotton wool plug. Frosting of the cell in the light path 
was prevented by suitably directed jets of dry nitrogen. 

When it was judged that the sample had been cooled sufficiently, addition 
of liquid nitrogen was stopped. Steadiness of the recorder pen indicated 
thermal equilibrium, and the spectrum was then taken. 

A blank experiment showed that the transparency of carbon disulphide was 
unaltered at low temperatures. Measurement of the temperatures produced 
was not possible. 
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THE POLAROGRAPHY OF THE METHYL DERIVATIVES OF 
MALEIC HYDRAZIDE AND EXPLANATION OF THE MALEIC 
HYDRAZIDE WAVES! 


By D. M. MILLER 


ABSTRACT 


Maleic hydrazide was previously reported to have two sets of pH dependent 
double waves, one at low pH for which existing theories provide adequate 
explanation and one at higher pH for which no explanation has been offered to 
date. The present work is an attempt to discover the reasons for the existence 
of the second set of waves. An investigation of several methyl derivatives of 
maleic hydrazide failed to provide the desired explanation; however, a mech- 
anism which gives a good qualitative and approximately quantitative expression 
for the dependence of diffusion currents and half wave potentials on pH is 
offered. This theory is based on the fact that succinic hydrazide, a probable 
product of the reduction of maleic hydrazide, has been found to have a pK. of 
8.10 and thus to be present in both ionized ‘and unionized forms over the pH 
range for which the double waves occur. 


In an earlier publication (4) maleic hydrazide (MH) was shown to exhibit 
three pH dependent polarographic waves (see MH, Fig. 1). Below pH 4 a 
single wave (I) occurs but as the pH is increased this wave diminishes in 
height and is replaced by a second wave (II) occurring at more negative 
potentials. The sum of the two wave heights remains approximately constant 


so that the increment in II equals the drop in I. At pH 5.9 the two waves are 
equal while at pH 7 wave I is completely replaced by II, which is at its 
maximum height. Beyond pH 7 wave II falls off with the appearance of a third 
wave, III, whose height increases at the same rate as that of II decreases. 
These two waves were reported to be equal at pH 8.2. Polarographically, then, 
MH produces two sets of double waves over two different pH ranges. These 
waves will be referred to hereafter as I and IIA for the first set and IIB and 
III for the second. 

It has been shown (5) that MH is a monobasic acid with a pK, of 5.65, so 
that over the pH range in which the first set of double waves occur, both 
the dissociated and undissociated forms of the acid exist, and the theory of 
Wiesner and others applies. (For a review of this theory see for example 
1, 3, 6.) According to this treatment wave I results from the reduction of the 
undissociated acid, either directly, at low pH, or following the association of 
the anion with hydrogen ion, at higher pH. With decreasing hydrogen ion 
concentration the association reaction becomes slower, the wave height is 
then limited by the rate of the association process rather than diffusion, and is 
said to be kinetically controlled. 

The Ilkovic equation predicts that the diffusion current of a wave varies 
as the half power of the dropping mercury electrode reservoir height. Since 
this applies only to a diffusion limited wave, kinetic waves do not show this 
relationship and this fact is used to distinguish between the two types of waves. 

'1Manuscript received August 23, 1956. 
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Fig. 2 is a plot of diffusion current against the square root of the reservoir 
height for waves I and IIB. The kinetic nature of wave I is amply demon- 
strated by its deviation from a straight line. Wave IIB on the other hand 
shows no such deviation but follows the Ilkovic relationship indicating that 
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it is diffusion controlled. An alternate explanation, therefore, is required for 
waves IIB and III, and it was in the hope of obtaining such an explanation 
that the present investigation of the polarography of the methyl derivatives 


of MH was undertaken. 


azinone), 
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EXPERIMENTAL 
The methyl! derivatives used in this work were the following: 
N-methyl maleic hydrazide (NMH) (2-methyl-6-hydroxy-3(2H)pyrid- 


O-methyl maleic hydrazide (OMH) (6-methoxy-3(2H)pyridazinone), 

N,N’-dimethyl maleic hydrazide (NNMH) (1,2-dimethyl-3,6-(1H,2H)- 
pyridazinedione), 

ON-dimethyl maleic hydrazide (ONMH) (2-methyl-6-methoxy-3(2H)- 


pyridazinone), 


OO’-dimethyl maleic hydrazide (OOMH) (3,6-dimethoxypyridazine). 


The preparation of these compounds has already been reported (5). Polaro- 
grams were made on the methyl derivatives in the same way as on MH (4) 
with the exception that Na,P,O, buffer was used in. the pH range 5 to 9. 
The polarographic constants (J,) and half wave potentials were obtained 
from each polarogram and plotted in Figs. 1 and 3. 
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Succinic hydrazide (SH) (tetrahydro-3,6-pyridazinedione) was prepared 
by the hydrogenation of MH following the procedure of Feuer, Bachman, and 
White (2). A pK, of 8.10 was found for this compound using a titration method. 
Polarographically, however, it was found to be inactive, producing neither 
cathodic or anodic waves. 


DISCUSSION 


The similarity of the polarographic behavior of NMH to MH is in line with 
the structural and chemical similarities of these compounds (5) and no further 
discussion of this derivative is required. 

The polarograms produced by the other derivatives were found to be less 
distinct than those of MH, showing a tendency to be drawn out and in many 
cases merging with the hydrogen discharge wave. For this reasor the results 
obtained are less accurate than those for MH but the over-all form of the 
curves in Figs. 1 and 3 is probably correct. Double waves are produced by all 
compounds having a —C==N— group (all derivatives except NNMH), 
which indicates that the second wave may be due to the reduction of this 
bond rather than the —C=C— group. Measurement of the relative wave 
heights as a function of mercury pressure, however, indicates that all these 
waves are kinetic in nature and thus do not arise in the same way as the 
second set of double waves of MH. Since no clue to the polarography of MH 
is furnished by these compounds, no further work was done on them and they 
must be reported here without theoretical explanation. 

One piece of evidence which does lead to a possible explanation for the 
second set of waves of MH, however, is the pK, value for SH, which was found 
to be 8.10. This is identical with the crossover point for these waves as obtained 
from Fig. 1, a replot of the original data (4). SH would be present then as 
both anion and undissociated acid at pH’s for which the double waves occur. 
Thus, assuming that it is the product of the reduction of MH, the following 
reaction mechanism will apply: 











kp kp 
A? ——> As” + Se + B* = Re > R- 
N 
Ri| RK k’ || k’K’ 
v —— kp 
HAo + 2e+2H* & HR» —> HR 





where A~ and HA, and R- and HR, are the dissociated and undissociated 
forms of MH and SH respectively in the solution bulk; Ag-, HAo, Ro, and HRo 
are the same species at the solution-electrode interface; k and k’ are the 
association rate constants for MH and SH, and K and K’ their equilibrium 
constants. The diffusion rate constants of all species are taken as being equal 
to kp to simplify calculations. 

For the usual kinetic waves the rate of association is considered as of the 
same order or smaller than the rate of diffusion. However. in the present case 
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the association reactions are assumed to be very fast relative to diffusion and 
the electrode reactions virtually instantaneous, leading to an over-all diffusion 
controlled process. The relative concentrations of the various species is 
determined by the kinetic balance of the electrode and association reactions, 
and an analysis of these processes will follow. Firstly, however, we must 
consider an obvious objection to this mechanism, namely the irreversibility 
of the over-all reaction as evidenced by the inability of SH to oxidize at the 
D.M.E. 

The orientation of a molecule in the powerful electric field at the solution 
electrode interface will be determined by the dipoles, either permanent or 
induced, which it possesses. A double bond, for example, readily forms a dipole 
which will be attracted toward the electrode, placing it in position to accept 
electrons. Saturated bonds, since they do not readily form dipoles, tend to 
assume a position away from the electrode making the exchange of electrons 
difficult. On this basis then, MH and SH would be oriented thus 


oO 





Electrode 


Immediately following the reduction of the double bond and before sufficient 
time for reorientation has elapsed, SH has the same position as MH and may 
be readily oxidized. Thus, if the electrode and association reactions occur in 
less time than reorientation a state of instantaneous equilibrium exists and 
the above mechanism is valid. The assumption that some such energy 
barrier exists must be implied in the present discussion. 

Fig. 4 defines the various currents which will be referred to below. Here 


— 














Eo 


P ioe 4. Definition of currents referred to in the derivation of equation for waves IIB and 
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we see that ip is the total diffusion current, ig and ig’ are the individual 
diffusion currents of waves IIB and III, z is the total current at any point 
on curve IIB or III, and 7’ = (¢—7,) the current for wave III alone. 

Since the electrode reactions are considered to be rapid and reversible the 
Nernst equation will give the ratios of the two oxidized and reduced pairs, 
thus 


[1] [HAg]/[HRo] = (1/[H*}) exp[2F(E—Eo)/RT] = 
and 
[2] [Ac ]/[Ro-] = (1/[H*}*) exp[2F(E—E,’)/RT] = ¢ 


where F is the Faraday, R the gas constant, T the absolute temperature, E 
the applied voltage, and Ey and E,’ the standard potentials of the two systems. 

A steady state is rapidly established for any applied voltage so we may 
write 


[3] d{HRo]/dt = k[H*][Ac~] —RA[HAo]+2'[H*][Ro-]—2’K'[Ro] = 0. 


MH is almost completely ionized in the pH range under consideration so that 
the only form diffusing to the electrode is A~, and by following the usual 
polarographic procedure we find 


[4] [Ao] = (t>—1)/kp. 
This combined with [2] leads to 

(5) [Ro-] = (—1)/e'kp, 
and since 7 = kp ((HR»]+[Ro-]), then 

[6] [HRo] = t/kp—(ip—1)/e’hp, 
[7] [HAo] = ¢[t/kp — (tp—1)/e’hp). 


Substitution of expressions [4], [5], [6], and [7] into [3] and rearranging 
results in the equation for the two waves: 


8 i Bit, 2 ey 
Ip—1 B+Ke B+Ke\ K * 
where 8 = k’K’/k and a = ¢/e’ = exp [2F(Ey’ —E,)/RT]. 





From equation [8] we can see that when the applied voltage is large compared 
with Ey and E,’ both ¢ and ¢’ will be large and 7 will be virtually zero. As the 
applied voltage decreases and approaches Eo, ¢’ will still be large while « 
will be of order one and expression [8] reduces to 


[9] (—1)/t = (6+Ke)/((H*]+aK). 


For values of E that are small compared to Ep but still large compared to 
E,’, € approaches zero and the current is independent of E assuming the 
constant value ig so that [9] may be written 


[10] (t>—14)/ta = B/((H*]+aK). 
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For the special case of 7g = ip/2 occurring at the crossover point for which 
the hydrogen ion concentration is [H*];, aK = 8—[H*]; which, when intro- 
duced into [10], results in an expression for 8: 

[11] 8 = ((H*+]—[H*]s) (ip — ta) /(2ta— ip). 

Using the value of 8.1 for the crossover point obtained from Fig. 1, [H*]; 
becomes 8.0 X 10-° M./I. and on substitution of data from the original publica- 
tion (4) into [11] an average value of 1.0X10-* M./I. is obtained for 6 (see 
Table I). Since K = 2.24X10-* M./l. and K’ = 8.0X10- M./I., using the 
above value for 6 we find the ratio of the rate constants k’/k = 1.26 and the 
difference in the standard potentials Ey— FE,’ = 92 mv. 


TABLE I 
DETERMINATION OF 8 FROM DATA GIVEN IN (1) 








pH ta, ua. ip, ma. B, X10-§M./I. 


1.57 2.63 1.14 
1.02 2.64 1.03 
0.66 2.60 1.01 
0.51 2.51 0.99 








The complete equation for wave II obtained from expressions [9] and [10] is 


la—t 


1 , 
E = E,)+0.030 oe ; ) -0.030 loe( i on 





and the half wave potential 





1 K ) 
[12] E, = E,—0.030 loe( Gh (H*)-+1.2x10°) ° 
Equation [12] predicts that as the hydrogen ion concentration becomes 
small compared to 1.210-° (pH greater than 7.9) the slope of the plot of 
FE; against pH should approach a value of 59 mv. per pH unit. The broken 
line on the MH-II curve of Fig. 3 is of this slope and might well represent an 
extension of this curve. For pH’s less than 7.9 equation [12] predicts that the 
curve should approach a slope of 89 mv. per pH unit, but it is prevented from 
doing so in this case by interference from curve I. 
Decreasing the applied voltage further causes the appearance of wave III 
as E approaches E,’. Since ¢ is by now virtually zero, equation [8] becomes 
i _ (HY +eK, (HY)+K' 1. 
ip—i B K ° 
substitution of [10] into this expression leads to the equation for wave III: 
la— 1" K’ [H*]+6+aK 
13 E = Ey’ +0.030 lo (#5#)-o.030 lo £. ay Pet oR 


and for the half wave potential 





0.79 iti suse.) 


[14] E,’ = E,’—0.030 loe( 2.29 (H*]+7.9x10 % ). 
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Since the second fraction in the log term of [14] is approximately unity, the 
slope of the plot of E;’ against pH will be 59 mv. per pH unit. A line of this 
slope has been drawn through the experimental points from (4) to form 
curve MH-III in Fig. 3 and appears to fit these points reasonably well. 

The proposed mechanism gives at least a qualitative explanation of the 
second set of double waves of MH. If this is assumed to be correct, wave 
IIB might more accurately be described as an ‘equilibrium’ wave rather than a 
kinetic wave, since its height is the result of an equilibrium between reduction 
by one path (via the undissociated acid) and oxidation by another (via the 
anion). To the author’s knowledge, maleic hydrazide is a unique example of 
this type of mechanism, but other examples no doubt will be found. 
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THE SYNTHESIS OF THE UROPORPHYRINS II AND IV! 
By S. F. MAcDoNALD AND K. H. MIcHt? 


ABSTRACT 


Uroporphyrin II and uroporphyrin IV have been synthesized by rational 
methods. The former has also been separated from a mixture of uroporphyrins 
previously synthesized. 


Hans Fischer’s structure for uroporphyrin I was confirmed by the com- 
pletion of the analytical proof and by synthesis (22a). The structure of the 
remaining three isomers of type II, III, and IV followed by definition, and the 
porphin-tetraacetic acid-tetrapropionic acid mixture previously synthesized 
(195) was thus shown to be a mixture of uroporphyrins. 

The uroporphyrins frequently occur naturally as inseparable mixtures of 
isomers and there appear to be no reliable natural sources of the pure types 
except of uroporphyrin I, which is obtained from urine in cases of congenital 
porphyria (3). In some cases, but not all, the uroporphyrin from the urine of 
patients with acute porphyria (23, 24c, 26) and from turacin (9, 24d, 25, 28) 
is apparently uroporphyrin III. The assumption that only the uroporphyrins 
I and III can occur naturally is hardly justified; porphobilinogen, which can 
give rise to presumably complex mixtures of uroporphyrins (27), is now known 
to occur widely. The synthesis of the hitherto unknown uroporphyrins II and 
IV was required to make all four isomers in some degree available for the 
development of adequate methods of separating and identifying them. 

Chart 1 shows how Ia and VIa were converted into the four symmetrical 
pyrromethenes III, V, VIII, and X. Any three of these should lead to both 
uroporphyrin II (from III and X or from V and VIII) and uroporphyrin IV 
(from III and V or from VIII and X). We had already obtained III and VIII 
from IIa and VIIa respectively with formic acid and hydrobromic acid (226). 

The bromination of Ia in carbon disulphide had given crude Id as an unana- 
lyzed oil (19d). This oil crystallizes on repeated evaporation of its solutions 
in ether, presumably as a hydrobromide of Id, for on recrystallization from 
warm solvents hydrogen bromide is lost and the more soluble and lower 
melting Ib separates. The crude oily Ib had been converted into 1Va by 
boiling with water and thence into IVd by hydrolysis (19d); better yields are 
obtained from the ‘“‘hydrobromide’’. The pyrromethene V resulted when IVb 
was brominated in formic acid. 

By the same procedure VIa (226) was brominated to VIQ, an initially oily 
product and a crystalline ‘“‘hydrobromide”’ being again encountered as inter- 
mediates. When it was boiled with water, the ‘hydrobromide” gave 1Xa, 
which was hydrolyzed to IXb. Being very insoluble in inert solvents, the latter 

1Manuscript received August 29, 1956. 

Contribution from the Division of Pure Chemistry, National Research Council, Ottawa. Issued 
as N.R.C. No. 4138. This work was reported in part at the Ciba Symposium on Porphyrin Bio- 


syntheses and Metabolism, 1955 (21a). 
2National Research Council Postdoctorate Fellow, 1953-1954. 
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could not be recrystallized or brominated by the usual methods and analyzed 
poorly. However, X was obtained from [Xd by using a very large excess of 
a strong solution of bromine in formic acid, a technique which Dr. E. J. 


Tarlton had developed for brominating the unsymmetrical isomer of IVb and 
I Xd (unpublished). 
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The uroporphyrins II (5%) and IV (3%) resulted when V was heated in 
methylsuccinic acid at 135° with VIII and III respectively, the melts being 
worked up by esterifying and partitioning between chloroform and aqueous 
resorcinol (cf. 22a). These syntheses are analogous to those of the copropor- 
phyrins II and IV carried out at higher temperatures (45, 12). Although 
uroporphyrin I had been obtained in 6% yield at 118° (22a), the yield of 
uroporphyrin IV at that temperature was only 0.1%. 

The relationship between the generalities of Fischer’s pyrrole and porphyrin 
syntheses has been discussed (19a). Here, as both Ia and Vla were obtained 
unambiguously by general methods, the necessary pyrromethenes could be 
prepared using only those of Fischer’s methods which were general and 
unambiguous. Neither his syntheses of coproporphyrin II nor those of copro- 
porphyrin III fulfilled this condition, but the above synthesis of uroporphyrin 
II represents a general method for type II porphyrins. In the case of type III 
porphyrins, his synthetic routes also involved the preparation of unsym- 
metrical pyrromethenes by a method which is not always reliable (1, 10, 17a). 
Thus we found that a synthesis of uroporphyrin III analogous to that of 
coproporphyrin III (8, 14) broke down when the condensation of XI and IId 
gave the symmetrical III rather than XIII; the alternative condensation of 
XII (216) and VIId gave only unidentified products. 


= — MeOCOCH:CH —_— 
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Unlike other methods of porphyrin synthesis, those from pyrromethenes 
give essentially pure isomers but require temperatures which might decarbo- 
xylate the acetic acid side chains of the uroporphyrins. Three methods have 
been described which should preclude this decarboxylation. Two are applicable 
only to type I and II porphyrins respectively, and are further restricted 
because the pyrromethenes could only be prepared in special cases: copro- 
porphyrin I was synthesized under alkaline conditions (5) and coproporphyrin 
II was obtained from a 5,5’-free pyrromethene at 125° (13). By the third 
method 5-bromo-5’-methyl-pyrromethenes were heated at temperatures 
sufficiently low to avoid decarboxylation; its success depended on whether or 
not the yield was then acceptable. Only type I porphyrins had thus been 
obtained at moderate temperatures (15, 18, 22a); although the same method 
should be applicable to type II porphyrins, the pyrromethenes would not be 
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so directly accessible. The syntheses of the uroporphyrins IJ and IV extend 
_ the scope of this method in showing that 5,5’-dibromo-pyrromethenes may 
be combined with 5, 5’-dimethyl-pyrromethenes at moderate temperatures, 
a combination which would also be necessary for the synthesis of uropor- 
phyrin ITT. 

Turning to the uroporphyrin mixture previously synthesized (195) this 
offered opportunities of developing methods for the separation of the pure 
isomers and might prove a useful source of these in view of the low yields 
associated with rational syntheses. It was more uniform than naturally 
occurring mixtures and, particularly as now obtained in 40% yield from Ia, 
more easily available. The mixture had been synthesized by a method which 
generally gives some type II porphyrin as the rational product and by analogy 
to coproporphyrin II, uroporphyrin II was expected to form the least soluble 
and highest melting of the uroporphyrin methyl esters. However, to the extent 
that the synthesis was irrational and completely random, uroporphyrin III 
and to a lesser degree uroporphyrin IV would be favored. 

Uroporphyrin II was demonstrated in the uroporphyrin mixture by partially 
decarboxylating the mixture to coproporphyrins (17b), which, as methyl 
esters, were alternately partially extracted with boiling ether and crystallized 
from chloroform—methanol until the melting point of 275-283° clearly indicated 
coproporphyrin II. The yield of coproporphyrin II was much below 10%, the 
probable limit of sensitivity of the tests for heptacarboxylic and lower acids 
in the uroporphyrin mixture, and conceivably the coproporphyrin II could 
have arisen entirely from these rather than from uroporphyrin II. This possi- 
bility is excluded by making either of two reasonable assumptions about the 
conditions under which the uroporphyrin mixture was synthesized: that they 
precluded decarboxylation or that they precluded type-specific decarboxy- 
lation. In a natural uroporphyrin mixture where there is no a priori basis for 
such assumptions, the above evidence would be inconclusive unless the yield 
of the coproporphyrin isomer were higher. 

Some fractionation of coproporphyrin mixtures is usually easily achieved 
by conventional methods of crystallizing porphyrins. However, only porphy- 
rins of questionable purity had been isolated from gross mixtures of isomers. 
The coproporphyrin I, II, III, and IV methyl esters were thus obtained 
melting at 245° (8), 276° (4a), 135° (8), and 177° (7) instead of at 252°, 286°, 
145°, and 183° respectively. The type II tetramethyl-porphin-tetrasuccinic 
acid methyl ester similarly isolated (10), although having the correct melting 
point (16) is not thus distinguished from a mixture which degraded to a very 
low melting coproporphyrin II methyl ester (11). 

The conventional methods for crystallizing porphyrins either as esters or 
as free acids did not usefully change the ester melting point of the uroporphyrin 
mixture and only homogeneous crystalline phases resulted. However, uropor- 
phyrin II was first obtained from it. As shown in Table I, crystallization of 
the methyl esters from pyridine raised the melting point 35°, giving a product 
which could be effectively recrystallized first as the methyl ester then as the 
more soluble and lower-melting ethyl ester. The fractionation was followed by 
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TABLE I 
SEPARATION OF UROPORPHYRIN II FROM THE UROPORPHYRIN MIXTURE 








Loss, mgm. 





Methyl ester, 10 gm., m.p. 256-258° 


(—copro. m.p. 135° and 180° (19b)) 
From 300 ml. pyridine —935 mgm., m.p. 285-302° 


From 40 ml. chloroform and 400 ml. acetone —453 mgm. 
sien ns illic, — 394 mgm., m.p. 308-313° 
—368 mgm., m.p. 305-310° 
— 339 mgm., m.p. 305-310° 
—326 mgm., m.p. 314-317° 
—313 mgm., m.p. 309-313° 


From 40 ml. pyridine —298 mgm. 
ils si —287 mgm., m.p. 310-314° 
(—copro. m.p. 279-283°) 


Methyl ester, 205 mgm. —ethyl ester, 200 mgm., m.p. 240°, 248°, 248°. 


From 50 ml. acetone -— 200 mgm., m.p. 235°, — , 250-251° needles 
=e i —189 mgm., m.p. 235°, — , 250-251° needles 


From 100 ml. acetone +179 mgm., m.p. — , 250°, 252-253° needles 
aisles pa —165 mgm., m.p. 248°, 251°, 252-253° needles and hairs 
—145 mgm., m.p. 247°, 251°, 254~-256° hairs 
—136 mgm., m.p. 247°, 251°, 252-255° hairs 
(—copro. m.p. 286-287°) 





melting point, crystal form, solubility, and by the melting point of the derived 
coproporphyrin methyl ester. The melting points of the uroporphyrin methyl 
esters were more or less obscured by charring and those of the ethyl esters 
were complicated by polymorphism. 

Alkoxy and C-methyl (22a) determinations as well as paper chromato- 
graphy of the free acids (24a) indicated that these synthetic uroporphyrins 
were free of heptacarboxylic and lower acids, and paper chromatography 
showed only tetracarboxylic acid in the derived coproporphyrins. A further 
examination of all these porphyrins by various paper chromatographic 
methods has been reported (2). 

The uroporphyrin II rationally synthesized was identical with that obtained 
from the mixture by the following criteria: melting points and mixed melting 
points of the methyl and of the ethyl esters, the quantitative visible spectra 
of the methyl esters in chloroform, their infrared spectra, their X-ray powder 
photographs, and by similar comparisons of the derived coproporphyrins. 

The type purity of the synthetic uroporphyrins was confirmed by their 
partial decarboxylation at 180° to the derived coproporphyrins (176) and 
their comparison with specimens from Hans Fischer’s collection. Unfortun- 
ately no pure type II, III, or IV coproporphyrin of known origin remained 
there as standards of type purity. When both were rationally synthesized, 
the coproporphyrins rather than the uroporphyrins were considered to be 
the standards of type purity because the yields of the former are higher and 
the methods of purification and identification appear more convincing when 
applied to them. 

The uroporphyrin II synthesized by either method gave pure coproporphyrin 
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II methyl esters having the expected melting points and mixed melting point 
(286-289°), and having infrared spectra and X-ray powder photographs 
identical with those of two somewhat lower melting specimens of Fischer's. 

The melting behaviors of the coproporphyrin IV ester from uroporphyrin 
IV and of one of Fischer’s specimens, both of which finally melted at 182-184°, 
were identical whether alone or mixed. Their X-ray powder photographs were 
also identical. However, there were some differences in the infrared spectra 
which were shown to be probably due to polymorphism (see Experimental). 
Fortunately the forms in these specimens were convertible and their melting 
behavior showed that polymorphism accounted for the three melting points 
Fischer reported. Two of Fischer’s specimens of melting point 168-169° and 
183—184° respectively had previously been related only through their synthesis 
by the same rational method. The third melting point reported was 177°. 

The criteria of purity and the method of separation are less convincing 
when applied to uroporphyrins and coproporphyrins of type III and IV than 
when applied to those of type I and particularly II. Further, the more soluble 
coproporphyrins III and IV are not so easily crystallized without appreciable 
loss; the possibility of their fractionation makes confirmation of the type 
purity of the uroporphyrins III and IV through the coproporphyrins less 
certain. 

Some work which will be reported later should be mentioned in this connec- 
tion. Dr. F. Morsingh has synthesized coproporphyrin III methyl ester by 
four different rational methods. Two of the products melted at 172-176°, and 
two at 152-154°, and again at 176-179°. Further, using the pyrromethene III 
and the unsymmetrical isomer of V and X, Dr. E. J. Tarlton has synthesized 
a uroporphyrin III which was degraded to a coproporphyrin III methyl ester 
of melting point 176—-179° and otherwise identical with all four of the above 
higher melting forms. Evidently the methyl esters of the coproporphyrins III 
and IV are not always distinguishable by their melting points alone, but are 
distinguishable by mixed melting points or other methods. 

Table II summarizes the methods of synthesizing uroporphyrin mixtures 
which were explored. The infrared spectra differed chiefly in the development 


TABLE II 
SYNTHETIC MIXTURES OF UROPORPHYRIN METHYL ESTERS 








Substrate and % 
method M.p. yield Max. at 1250 cm.~! 


256-258° (19b) 55 Strong 
255-256° 18 Strong 
4 





° 


250- Strong 
275-295° 3 Absent 
260-270° 18 Shoulder 
252-258° 4 Shoulder 
Opsopyrrole- 


dicarboxylic acid§ 252-258° (20) 4 Shoulder 
Porphobilinogen} 253-259° 30 Moderate 





*Substrate first hydrolyzed with alkali; fwith formic “acid and air several days at 40°; 
thoiled 20 min. with 0.6% HCl, then aerated, §boiled 20 min. with 0.5% HCl containing 
0.15% formaldehyde, then aerated. 
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of a broad maximum at 1250 cm.~! which is much weaker and narrower in 
uroporphyrin I] and absent in the uroporphyrins I and IV; it may be largely 
due to uroporphyrin III. 

EXPERIMENTAL 

The melting point ranges of the porphyrins indicate sintering and complete 
melting as determined on the Kofler hot-stage with crossed Nichols. The 
uncorrected melting points of the other compounds were determined in 
capillaries. The infrared spectra were measured in Nujol mull by Dr. R. N. 
Jones and Mr. R. Lauzon, the X-ray photographs by Dr. Maria Przybylska, 
of these laboratories. 

We are grateful to Professor A. Treibs for the following coproporphyrins 
from Hans Fischer’s collection. A coproporphyrin II methyl] ester of Lamatsch 
was dissolved in chloroform, filtered through a column of alumina, and 
crystallized from chloroform-methanol. Then after changes in the solid phase 
at about 170° and 250°, it sintered at 273° and melted at 278-282°; all the 
reported coproporphyrin II syntheses by Lamatsch were rational, giving pure 
products of melting point 286-288° (4b, 6, 13). Another sample, “‘isocopro- 
porphyrin” ethyl ester separated from a mixture by Andersag (m.p. 258° 
(4b)), was found to melt at 251-254°, after a change in the solid phase at 
230-240° and sintering from 245°; it was hydrolyzed and converted into a 
coproporphyrin II methyl ester of melting point 280-281° after solid phase 
changes at about 170° and 270°. The coproporphyrin IV methyl ester of 
Hiernis (m.p. 177° (8)), for which we found melting point 179-184°, was 
recrystallized from methanol. Then the yellow plates changed at 168-170° with 
sintering to red rods, m.p. 174-176°, enclosing fine yellow needles, m.p. 
182-184°. Though its origin was not further specified, it was presumably 
rationally synthesized (12, 14) for only a few milligrams have been otherwise 
reported (7). The melting points previously reported are thus obviously due 
to polymorphism: 168—169° (14), 177° (8), 182-184° (7, 12). 


2-Bromomethyl-3-(2-carbethoxyethyl)-4-carbethoxymethyl-5-carbethoxy-pyrrole, Ib 
(cf. 19b) 

Solutions of 0.5 gm. of bromine and of 1.0 gm. of Ia in carbon disulphide 
were mixed and allowed to stand for 20 min., protected from moisture, and 
illuminated by sunlight and an ultraviolet lamp. The solvent was removed in 
vacuo. The residual oil was converted to orange crystals (hydrobromide?) 
by being repeatedly dissolved in absolute ether which was evaporated each 
time im vacuo at <20°. After three recrystallizations from hexane the product 
was obtained as colorless needles, m.p. 65-66°, not indefinitely stable in air. 
Found: C, 48.96; H, 5.64; N, 3.45; Br, 19.07%. Calc. for CizHeasNO,.Br: C, 
48.81; H, 5.78; N, 3.35; Br, 19.11%. 


§,5'-Dicarboxy-pyrromethane-4,4'-diacetic acid,-3,3'-dipropionic acid IVb (ef. 
19b) 

The crude crystalline 1b (hydrobromide?) was obtained as above from 10 gm. 

of Ia, 4.75 gm. of bromine, and 70 ml. of carbon disulphide, after it was 
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evaporated six times with 50 to 100 ml. of absolute ether. This product was 
washed with water by decantation, then refluxed for two hours with 200 ml. 
of water. After the mixture was cooled, the water was decanted off and the 
residue, IVa, dissolved in 90 ml. of hot ethanol, 50 ml. of 10% aqueous sodium 
hydroxide added, the alcohol boiled off, and the solution heated for three 
hours on the steam bath in an open flask. The residue was dissolved in 60 ml. 
of water, filtered with charcoal, and the filtrate saturated with sulphur dioxide 
at 0°. The pyrromethane, 5.6 gm. (77%), m.p. about 147°, was filtered off, 
washed with water, and dried in vacuo. 


5,5'-Dibromo-pyrromethene-4,4'diacetic acid-3,3'-dipropionic acid Hydrobromide, 
V 

A suspension of 758 mgm. of 5,5’-dicarboxy-pyrromethane-4,4’-diacetic 
acid-3,3’-dipropionic acid, IVb, in 1.5 ml. of 98% formic acid was cooled in 
ice water and 800 mgm. of bromine added. The temperature rose about 10° 
and CO, and HBr were evolved. After five minutes the flask was placed in a 
desiccator over NaOH for one hour. The desiccator was then slowly evacuated 
to 40 mm. then after a further hour, to 10 mm. After two hours at this pressure, 
crystallization was induced by scratching and 5 ml. of acetic acid was added. 
The product was separated and repeatedly washed (centrifuge) with acetic 
acid (7X5 ml.) until the washings were faintly yellow. After it had been 
washed three times with absolute ether and dried im vacuo, the product (290 
mgm., 30%) formed small brick-red crystals which showed a greenish fluores- 
cence in solution. On being heated, it melted with decomposition at ca. 160- 
205°. Found: C, 35.79; H, 3.19; N, 4.54; Br,.37.20%. Calc. for CigHigN2OgBrs: 
C, 35.48; H, 2.98; N, 4.36; Br, 37.28%. 

After recrystallization from acetic or formic acid, the appearance of this 
product was less satisfactory. When the bromination was carried out in 
acetic acid, a different product resulted. 


The Mixture of Uroporphyrin Methyl Esters (cf. 19b) 


The pyrromethane IVd (7.5 gm.) was slurried with 100 ml. of 98% formic 
acid and kept at 35-40° for one week while a stream of air was passed through 
the mixture, more acid being added to keep the volume constant. The resulting 
solution was poured into three liters of water and aerated for two days. The 
solid was centrifuged off, dried, esterified, and isolated as described (19d), 
more being obtained by re-esterifying material rejected in the purification. 
Yield 4 gm. (55%, or 42% from Ia). 


2-Bromomethyl - 8 - carbethoxymethyl-4-(2-carbethoxyethyl)-5-carbethoxy - pyrrole, 
VIb 


This was prepared from VIa (230) like Ib from Ia except that the crystalline 
intermediate (hydrobromide?) from VIa was recrystallized thrice from carbon 
disulphide and once from hexane. It formed colorless needles, m.p. 92—93°, 
more stable in air than Ib. Found: C, 48.98; H, 5.65; N, 3.41; Br, 18.95%. 
Cale. for Ci7HeasNOsBr: C, 48.81; H, 5.78; N, 3.35; Br, 19.11%. 
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5,6’-Dicarboxy-pyrromethane-3,3'-diacetic acid-4,4'-dipropionic acid Hexaethyl 
Ester IXa 

The crude crystalline VIb (hydrobromide ?) from 1 gm. of Vla was washed 
with water, then refluxed three hours with 15 ml. of water. The product was 
filtered off from the cooled mixture and dissolved in ether. The ether solution 
was washed with dilute sodium hydroxide and with water. Evaporation left 
453 mgm. (57%), and after this had been drained on tile, the Beilstein test 
was negative, the melting point 145°. For analysis it was crystallized from 
ethanol (charcoal) and from heptane giving colorless needles, m.p. 146°. Found: 
C, 59.77; H, 6.85; N, 4.42%. Calc. for C33 HasN2Ow: C, 59.78; H, 7.00; N, 4.23%. 


§,5'-Dicarboxy-pyrromethane-3,3'-diacetic acid-4,4'-dipropionic acid IXb 

To 4 gm. of the ester [Xa in 22 ml. of hot ethanol 23 ml. of 10% sodium hy- 
droxide was added. Ethanol was boiled off on a hot plate and the residue heated 
on the steam bath in a stream of air for four hours. The residue was dissolved 
in 100 ml. of water and the product (2.68 gm., 89%) was precipitated with 
sulphur dioxide, filtered off, washed with water, and dried im vacuo. For 
analysis, it was dissolved in 5% ammonia, the solution evaporated in vacuo, 
and the residue dissolved in water. The product was precipitated with sulphur 
dioxide, collected, and washed four times with water (centrifuge); a little 
sulphur dioxide was added to the last wash to reverse the peptization. The 
faintly pink powder, m.p. about 206° (decomp.), was insoluble in inert solvents. 
Found: C, 50.33; H, 4.41; N, 6.06%. Calc. for C2HaN2Oxe: C, 51.01; H, 4.49; 
N, 5.67%. 


5,5’ - Dibromo-pyrromethene-3,3'-diacetic acid-4,4'-dipropionic acid Hydrobro- 
mide, X 

The pyrromethane IXd (500 mgm.) in a 25 ml. conical flask was treated 
with 6 ml. of a solution of bromine in 98% formic acid (4 gm. of bromine 
diluted to 10 ml. and shaken to solution). After it had been allowed to stand 
13 hours while protected from moisture, the solution was filtered, and kept 
in a desiccator at 50 mm. and then at 25 mm. overnight. The crystalline 
product was slurried with acetic acid, filtered, and washed with acetic acid. It 
formed needles, 434 mgm. (67%), which darkened but did not melt below 
240°. For analysis, it was recrystallized from 10 parts of 98% formic acid, the 
yellow needles being washed with acetic acid and absolute ether. Found: 
C, 35.36; H, 3:63; N, 4.24; Br, 36.91%. Calc. for CigHigN2OsBrs: C, 35.48; 
H, 2.98; N, 4.36; Br, 37.28%. 


III Instead of XIII by the Condensation of XI with IIb 

The aldehyde XI (706 mgm.) (215) was dissolved in 1.9 ml. of acetic acid 
and 575 mgm. of cryptopyrrole-dicarboxylic acid, [1b (19d), added. The latter 
dissolved easily and some of the former crystallized out. When a few drops of 
hydrogen bromide in acetic acid were added while the mixture was cooled in 
water and stirred, these crystals dissolved while red microcrystals of the 
methene separated. The mixture stood at 0° overnight, then the crystals 
(425 mgm., 61%, m.p. 142° (decomp.), found: OMe, 0.0%) were filtered off, 
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washed with acetic acid and with dry ether, and dried. For analysis, the product 
was recrystallized from acetic acid and washed with acetic acid then with dry 
ether (centrifuge). The melting point 198-200° was unchanged in the mixture 
with 5,5’-dimethyl - pyrromethene -3,3’-diacetic acid-4,4'-dipropionic acid 
hydrobromide, III, prepared unambiguously (226). Found: C, 49.38; H, 4.86; 
N, 5.41; Br, 16.04; OMe, 0.0%. Calc. for CoHesN-OsBr: C, 49.13; H, 4.91; 
N, 5.46; Br, 15.57; OMe, 0.0%. 


Porphin-1 ,4,5,8-tetraacetic acid-2,3,6,7-tetrapropionic acid Octamethyl Ester ( Uro- 
porphyrin II Methyl Ester) 

(a) By Rational Synthesis 

5,5’-Dibromo-pyrromethene-4,4’-diacetic acid-3,3’-dipropionic acid hydro- 
bromide, V, (1.5 gm.) and 5,5’-dimethyl-pyrromethene-4,4’-diacetic acid- 
3,3’-dipropionic acid hydrobromide, VIII, (1.39 gm., recrystallized from formic 
acid (22b)) were ground together with 12 gm. of methylsuccinic acid and dried 
for eight hours at 5X10~5 mm. In three portions and while protected from 
moisture, the mixture was kept for six hours at 135° in a tube heated by 
boiling Cellosolve. Each melt was dissolved in about 10 ml. of boiling water, 
the solutions diluted to about 350 ml. centrifuged after one hour, and each 
precipitate washed with 2X100 ml. of 1% acetic acid’ (centrifuge). As in the 
case of uroporphyrin I (22a), the combined dried precipitates were esterified 
with methanolic hydrogen chloride and brought into chloroform. The solution 
was washed, dried, passed through grade V alumina, concentrated to about 
50 ml., and pyrromethenes removed by extraction with 50% (w/w) aqueous 
resorcinol (8X10 ml.). The solution was washed, dried, concentrated, and the 
chloroform displaced by methanol. The product (119 mgm., 5.4%, m.p. 
305-307°) separated immediately and was washed with methanol (centrifuge). 
It was recrystallized by extraction into 10 ml. of chloroform, addition of 
135 ml. of boiling acetone, and being allowed to cool slowly overnight, giving 
96 mgm., m.p. 310.5-315°, after being washed with acetone. A second recrystal- 
lization using 8 ml. of chloroform and 100 ml. of boiling acetone gave 88.4 mgm. 
of fine red needles, m.p. 312-315.5°. The products recovered from the chloro- 
form—acetone mother liquors melted at 305-307° and 306-309° respectively. 
Found: C, 61.27; H, 5.58; N, 6.11; OMe, 26.44; C-Me, 0,00%. Calc. for 
CasHssN Ore: C, 61.14; H, 5.77; N, 5.94; OMe, 26.33; C-Me, 0.00%. 

A sample was hydrolyzed and chromatographed on paper with 2,4-lutidine— 
water showing two spots with the same R,; values as those of uroporphyrin I 
(24a). 

(b) From the Uroporphyrin II Ethyl ester (b) Separated From the Mixture 

The ester (15.2 mgm.) was hydrolyzed on the steam bath with aqueous- 
alcoholic potassium hydroxide, the alcohol evaporated, and the porphyrin 
precipitated with acetic acid. It was esterified with methanolic hydrogen 
chloride, brought into chloroform, and the chloroform solution washed, then 
filtered, and washed through a column of grade V alumina. The solution was 
concentrated and the chloroform displaced by methanol. The product (7 mgm.) 
which separated was recrystallized twice from chloroform—methanol and once 
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from chloroform—acetone giving 6.7 mgm., m.p. 311-315° (4°/min.) with some 
charring. 

Specimens obtained as under (a) and (6) showed an unchanged mixed 
melting point and identical quantitative visible spectra in chloroform, infrared 
spectra, and X-ray powder photographs. 

The C-methy! content of the uroporphyrin methyl ester of Table I after 
six crystallizations from chloroform—acetone was 0.00%. This ester, although 
incompletely purified, gave an X-ray powder photograph and an infrared 
spectrum identical with those of the purest specimens. 


Porphin-1,4,5,8-tetraacetic acid-2,3,6,7-tetrapropionic acid Octaethyl Ester (Uro- 
porphyrin II Ethyl Ester) 

(a) From the Rationally Synthesized Methyl Ester 

Uroporphyrin II methyl ester (5.2 mgm. of preparation (a)) was hydrolyzed 
in 2 ml. of concentrated hydrochloric acid for 20 hr. at 20°. The solution was 
then freeze-dried and the residue left for 20 hr. in saturated ethanolic hydrogen 
chloride. This solution was poured into ice water and extracted with chloro- 
form which was then washed with water, with very dilute sodium hydroxide, 
and twice with water. After the extract had been dried over sodium sulphate, 
chloroform was displaced from the boiling solution, with ethanol. As the 
solution cooled slowly, the product (4.2 mgm.) separated as very thin needles, 
m.p. 249.5-253°, the cooled melt resolidifying to prisms of melting point 
233-245°. 


(6) From the Synthetic Uroporphyrin Mixture 

The fractionation of the mixture is summarized in Table I. The porphyrins 
were dissolved either by being refluxed with pyridine for a few minutes, or 
extracted into chloroform (thimble) followed by addition of boiling acetone to 
the hot solution, or extracted into acetone (thimble). The hot solutions were 
allowed to cool slowly and undisturbed to room temperature in the dark, the 
first crystallization from pyridine being collected after seven days and all 
subsequent crystallizations after one day. Crystals from pyridine were re- 
crystallized from chloroform—methanol before determination of the melting 
point, which was otherwise completely obscured by charring. 

The significance of the temperatures given in the table to describe the 
melting behavior of the uroporphyrin II ethyl esters is illustrated by those 
applying to the final product: sintering began at 247°, the original crystals 
were replaced by prisms and a little melt at 251°, and melting of the prisms 
began at 252° and was complete at 255°. Found: C, 63.95; H, 6.83; N, 5.23; 
OEt, 33.88%. Calc. for CssHzN.Or: C, 63.74; H, 6.69; N, 5.31; OEt, 34.16%. 

The mixed melting point with preparation obtained as under (a) showed 
no depression. 


1,4,5,8-Tetramethyl - porphin-2,3,6,7-telrapropionic acid Tetramethyl Ester 
(Coproporphyrin II Methyl Ester) from Uroporphyrin II 


(a) From rationally Synthesized Uroporphyrin II Methyl Ester 


Uroporphyrin II methyl ester (6 mgm., the preparation (a) rationally 
synthesized). was heated for four hours in a sealed tube at 185-190° with 
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4.5 ml. of 1% hydrochloric acid. The solution was separated from needles of 
the coproporphyrin hydrochloride, which were dissolved in concentrated 
hydrochloric acid. To precipitate the porphyrin the combined filtrates were 
saturated with salt and disodium hydrogen phosphate was added. The precipi- 
tate was separated, washed with very dilute acetic acid, and esterified with 
methanolic hydrogen chloride. The ester was brought into chloroform after 
addition of ice and water, and the chloroform was washed with water, very 
dilute sodium hydroxide, and water, dried over sodium sulphate, filtered, and 
displaced by methanol at the boil. The product (3.0 mgm.) separated as long 
rods, m.p. 286—289°. Found: C, 67.27; H, 6.49%. Calc. for CaoHaOsN,: C, 
67.59; H, 6.52%. 

After hydrolysis, paper chromatography with 2,4-lutidine-water revealed a 
single spot with the same R, value as that observed when the coproporphyrin 
IV methyl ester of Hiernis was similarly treated. 


(b) From Uroporphyrin II Ethyl Ester Separated from the Mixture 

Uroporphyrin II ethyl ester (9.9 mgm., preparation (b)) in 10 ml. of 1% 
hydrochloric acid was held under vacuum at 0°, then heated for four hours at 
190° in a sealed tube. The needles were dissolved by adding ammonia, and the 
porphyrin was precipitated with acetic acid after the solution had been filtered 
and heated. The product was obtained as under (a) above except that the 
chloroform solution was filtered through a column of grade V alumina. It 
formed prismatic needles (4.6 mgm.), m.p. 285-289° after apparent changes 
in the solid phase at about 170° and at 270°. After recrystallization by extrac- 
tion with boiling chloroform (thimble) and displacement. of the chloroform 
with methanol, 4.6 mgm. (62%) was obtained and the mother liquor was 
colorless. It then formed long prismatic needles, m.p. 286-287° (1°/min.), 
again showing apparent solid phase changes at about 170° and 270°. 

Its melting point was not depressed when mixed with the ester obtained as 
under (a) and the visible spectra of the two in chloroform were identical. 
The infrared spectra and X-ray powder photographs of these two and of the 
reference specimens (Andersag and Lamatsch) were identical, and the ester 
(b) did not depress the melting point of Andersag’s specimen. 

The X-ray powder photographs of a coproporphyrin II methyl ester from 
a partially purified uroporphyrin II ethyl ester indicated that a second form 
existed which was only partially converted into the usual one by heating. 


Porphin-1,4,6,7-tetraacetic acid-2,3,5,8-tetrapropionic acid Octamethyl Ester 
(Uroporphyrin IV Methyl Ester) 

(a) At 117°: Using 500 mgm. of 5,5’-dibromo-pyrromethene-4,4’-diacetic 
acid-3,3’-dipropionic acid hydrobromide, V, 500 mgm. of 5,5’-dimethyl- 
pyrromethene-3,3’-diacetic acid-4,4’-dipropionic acid hydrobromide, III, and 
4 gm. of methylsuccinic acid, the method was that used in the analogous 
synthesis of uroporphyrin II, except that it was fused in one lot at 117°, the 
tube being heated with boiling acetic acid. Worked up in the same way, the 
more soluble uroporphyrin IV ester (0.9 mgm., 0.12%), m.p. 254-258.5°, 
separated when the methanol solution was cooled slowly. After recrystallization 
from 5 ml. of methanol, 0.6 mgm. was obtained, m.p. 256-259°. 
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(6) At 135°: As in the analogous synthesis of uroporphyrin II, 2 gm. of V, 
2 gm. of III, and 16 gm. of methyl succinic acid were heated at 135° in four 
lots and the ester isolated. After washing of the ester with methanol until the 
washings were nearly colorless, 47 mgm. was obtained, m.p. 250-256°. Here 
the aqueous and methanolic mother liquors and washings showed a strong 
porphyrin spectrum. They were therefore combined and centrifuged. The 
precipitate was esterified and worked up as above giving an additional 49 mgm. 
of uroporphyrin IV ester, m.p. 250—-255°, total yield 3.3%. After two recrystal- 
lizations from acetone (thimble), 77 mgm. was obtained,:m.p. 255.5-259.5°. 
Found: C, 61.28; H, 5.64; N, 6.10; OMe, 26.61; C-Me, 0.00%. Calc. for 
CasHssN.Oxe: C, 61.14; H, 5.77; N, 5.94; OMe, 26.33; C-Me, 0.00%. 

Both the esters (a) and (b) were amorphous but crystallized at 245° before 
melting. Their mixed melting point was undepressed and their quantitative 
visible spectra in chloroform were identical. Determined on samples which had 
been crystallized at 245°, their X-ray powder photographs were identical. 
Their infrared spectra had broad bands and diffuse structures, differing only 
in two shoulders and a maximum which were peculiar to the presumably less 
pure (a) and large enough to be distinct. 

After hydrolysis, both specimens showed only two spots with the same R,’s 
as the reference uroporphyrin I (24a). 


1,4,6,7 - Tetramethyl - porphin-2,3,5,8-tetrapropionic acid Tetramethyl Ester 
(Coproporphyrin IV Methyl Ester) from Uroporphyrin IV 

Uroporphyrin IV methy] ester (10 mgm., preparation (5) at 135°) was heated 
for four hours in a sealed tube at 185-190° with 1% hydrochloric acid. The 
porphyrin was precipitated from the filtered solution by saturating the solution 
with salt, adding disodium hydrogen phosphate, and heating. It was esterified 
and isolated as usual, care being taken to completely replace the chloroform 
by methanol. The crude material (4.7 mgm., 63%) had melting point 165-168°, 
some small yellow needles melting at 181-183°. After recrystallization from 
5 ml. of methanol the product (3.8 mgm.) formed yellowish plates, sintering 
and changing to red rods enclosing yellow needles at 168-170°; the red rods 
melted at 174-176°, the yellow needles at 182-184°. Found: C, 67.34; H, 6.30%. 
Calc. for CaoHesN Os: C, 67.59; H, 6.52%. 

After hydrolysis, paper chromatography with 2,4-lutidine-water showed 
only a coproporphyrin spot (24a). 

The melting behavior of this ester was identical with that of Hiernis’s 
specimen, separately or mixed. Their quantitative visible spectra in chloroform 
and their X-ray powder photographs were identical. Their infrared spectra 
had broad bands and diffuse structures; the specimen from uroporphyrin IV 
differed in lacking a small shoulder at 1260 cm.~!, and in lacking a small 
minimum and two small maxima in the 900-1100 cm.~ region where its general 
absorption was the higher of the two. Recently the infrared spectrum of a 
high-melting form of coproporphyrin IV ester, synthesized here according to 
Fischer (14), showed that these differences were consistent with the specimen 
from uroporphyrin IV being a mixture of the two forms. It is probable that 
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mulling partially converted that from uroporphyrin IV to the higher-melting 
form, as we have shown with one sample of synthetic coproporphyrin III 
ester whose X-ray powder photograph and infrared spectrum presented the 
same anomaly. 


REFERENCES 


. Corwin, A. H. and AnpreEws, J. S. J. Am. Chem. Soc. 59: 1973. 1937. 

. FALK, J. E., DRESEL, E. I. B., BENSON, ae — KniGutT, B.C. Biochem. J. 63:87. 1956. 

FISCHER, H. Z. physiol. Chem. 95: 34. 1915 

FISCHER, H. and ANDERSAG, H. (a) Ann. 450: 201. 1926; (b) 458: 117. 1927. 

FISCHER, H. and Bere, H. Ann. 482: 189. 1930. 

. Fiscuer, H., FRErpricH, H., Lamatscu, W., and MorGENROTH, K. Ann. 466: 147. 1928. 

. FiscHer, H. and Fréwis, W. Z. physiol. Chem. 195: 49. 1931. 

. FiscHeR, H. and Hiernis, J. Z. physiol. Chem. 196: 155. 1931. 

. FiscHer, H. and Hitcer, J. Z. physiol. Chem. 138: 49. 1924. 

. FiscHER, H. and Hormann, H. J. Z. physiol. Chem. 246: 15. 1937. 

. FiscHer, H. and Hott, E. Z. physiol. Chem. 229: 93. 1934. 

. FiscHER, H. and Kurzincer, A. Z. physiol Chem. 196: 213. 1931. 

A FISCHER, H. and Lamatscu, W. Ann. 462: 240. 1928. 

. FiscHer, H., PLatz, K., and MorGEnrotTH, K. Z. physiol. Chem. 182: 265. 1929. 

. FiscHer, H. "and SIEBERT, R. Ann. 483: 1. 1930. 

. FiscHER, H. and Starr, 2 physiol. Chem. 234: 97. 1935. 

: FISCHER, —— ZERWECK, W. (a) Ber. 55: 1942. 1922; (b) Z. physiol. Chem. 137: 

42. 1 % 

. FiscHER, H. and ZiscHLerR, H. Z. physiol. Chem. 245: 123. 1937. 

. MacDonaLp, S. F. J. Chem. Soc. (a) 4176. 1952; (b) 4184. 1952. 

. MacDona_p, S. F. and MacDonaLp, D. M. Can. J. Chem. 33: 573. 1955. 

. MacDona_p, S. F. and Micni, K. H. (a) Ciba Foundation Conference, 1955. p. 285; 
(b) Can. J. Chem. 34: 1671. 1956. 

: wane S. F. and STEDMAN, R. J. Can. J. Chem. (a) 32: 896. 1954; (0) 33: 458. 


. MERTENS, E. Z. physiol. Chem. 250: 57. 1937. 
‘ NICHOLAS, R. E. mf and Rruincton, C. (a) Scand. J. Clin. i Invest. 1:12. 1949; 
(d) Biochem. J. 50: 194. 1951; (c) Biochem. J. 55: 109. 1953 
. Rruincton, C. Proc. Roy. Soc. (London), ‘B, 127: 106. 1939. 
, WALDENSTROM, J. Z. physiol. Chem. 239: III. 1936. 
27. WALDENSTROM, J. and VAHLQuisT, B. Z. physiol. Chem. 260: 189. 1939. 
23. Watson, C. J. and Berc, M. J. Biol. Chem. 214: 537, Foot-note 2. 1955. 


OO NID CNR OOD 





THE INFRARED SPECTRA OF SECONDARY AMINES 
AND THEIR SALTS! 


By R. A. HEAcocK? AND LEO MARION 


ABSTRACT 


The infrared spectra of a number of secondary bases and of their salts have 
been examined. The spectra of the salts differ from those of the corresponding 
bases in containing several absorption bands that are absent from the latter. 
Those of the new bands occurring in the region 1620 to 1560 cm.~, which are 
due to NH,* deformation vibrations, are characteristic of secondary amine salts, 
and can be used to detect the presence of a secondary amino group in the original 
molecule. With aromatic bases the spectra are complicated because the ring 
absorption occurs in the same region, but in many cases the assignment can still 
be made, although with less certainty. In zwitterionic substances such as the 
secondary aliphatic amino acids, the function is more difficult to detect. 


The secondary amino group is found in many naturally occurring substances, 
but it has proved sometimes tedious and costly in material to identify it 
chemically. It was observed that the infrared absorption spectrum of pseudo- 
conhydrine hydrochloride presented a number of marked differences in ab- 
sorption from that of the free base, particularly in the region around 1600 cm.—'. 
If these differences could be shown to be characteristic of the secondary amino 
group in its protonated form, a physical method of identifying this function 
would become available, which would be extremely useful in the investigation 
of compounds of unknown constitution. An investigation has thus been made 
of the infrared spectra of a number of secondary amines and their simple salts. 

The primary amino group gives rise to two NH stretching bands in the 
region 3500-3300 cm.—!, and another band between 1650 and 1560 cm.—! due 
to the NH deformation vibrations (3, 16). It also absorbs in the long wave- 
length region of the spectrum, and these bands have been alternatively de- 
scribed as NH twisting (16) or rocking vibrations (6). The secondary amino 
group shows only one band in the NH stretching region while the deformation 
vibrations of the group are usually too weak to be of use for identification 
purposes (3), and occur at frequencies lower than those of the primary amino 
group. This has recently been substantiated by Barr and Haszeldine (2). 

Salt formation has been shown to modify the NH stretching absorption in 
amines. There are, however, differences in frequency between the NH 


stretching vibrations associated with the —NH;", NHS, and SNH 


groupings. In an investigation of the infrared spectra of aliphatic primary 
amines and their salts, Depas and Khaladji (8) observed that the free bases 
have a sharp strong band at ca. 3226 cm.—! due to NH stretching and that 
this band is greatly reduced in intensity in the spectra of the hydrochlorides. 
They also observed new bands, possibly associated with NH stretching, 
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appearing between 2565 and 2400 cm.—! and near 2000 cm.—! in the spectra 
of the salts. The spectrum of butylamine shows a band at 3333 cm.—', and that 
of its hydrochloride contains bands in the regions 3180-3030 cm.—', 2625- 
2590 cm.—!, and near 2525 cm.—! (10). 

The spectra of primary aliphatic amino acids, which are zwitterionic in the 
solid state, show the —NH,;* stretching absorption between 3180 and 
3030 cm.—! and between 2630 and 2500 cm.—! (10). In the spectra of the amino 
acid hydrochlorides, the position of this band is not quite so clear since the 
salts do not all absorb in this region. According to Randall et al. (16) the 
hydrochlorides of amino acids show a series of moderate intensity bands 
between 3030 and 2500 cm.—!, and also in the region 2140 to 2080 cm.-!. A 
band at 2100 cm.—! has also been observed in the spectra of simple amino 
acids (20). Lenormant (13) has shown that the band structure observed be- 
tween 3175 and 2630 cm.—! assigned to the —NH;* group in the spectrum of 
glycine moves, on deuteration, to 2210-1955 cm.—! (with the exception of the 
CH stretching bands), thus confirming the assignment. The corresponding 
absorptions for secondary and tertiary amino acids have not so far been clearly 
defined (3). 

Recently ‘‘ammonium” and “immonium” bands have been defined (22, 23, 


27); the former, indicative of the group ><, , is observed as an intense 


band between 2440 and 2350 cm.~—'; the latter is supposedly due to the = 


group and is manifested as a number of sharp bands of a somewhat lower 
intensity between 2100 and 1980 cm.—!. 

Stretching vibrations of the NH* group are considerably displaced towards 
lower frequencies. Lord and Merrifield (14) have observed that in the spectrum 
of triethylamine hydrochloride the NH* stretching band occurs at 2540 cm.—!, 
while in that of pyridine hydrochloride a broad structureless band is found at 
2450 cm.—! and a doublet with peaks at 2090 and 1980 cm.—!. 

Amines are known to give rise to absorption in the region of the spectrum 
associated with hydrogen bending vibrations, and these bands have been 


assigned to —NH; and /NH deformation vibrations. As yet, however, there 


is not complete agreement about the assignment of NH deformation vibra- 
tions (19), except for simple primary amines in which case the absorption 
occurs between 1650 and 1590 cm.—'. The primary amines studied by Depas 
and Khaladji (8) had a band of medium intensity at 1613 cm.—! which was 
unchanged by salt formation. In a study of the infrared spectrum of methyl- 
amine vapor, Cleaves and Plyler (5) correlated the spectral bands at 1625 cm.-! 
and 1516 cm.—! with NH deformation vibrations. Butylamine absorbs at 
1613 cm.—! and its hydrochloride at 1603 cm.—! (10). Jsohexylamine produces 
a band at 1613 cm.—! while its hydrochloride shows the corresponding absorp- 
tion at 1587 cm.—! (9). The spectrum of hydrazine shows the NH; deformation 
band at 1613 cm.—' (18) and that of N-methylhydrazine shows the corre- 
sponding band at 1587 cm.~' (1). 
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The appearance of two bands in 1600 to 1500 cm.—! region, in addition to 
any ionic carboxyl absorption, appears to be indicative of an amino acid or its 
hydrochloride which can possess the —NH;+ group. One or both of these 
bands may be associated with NH;+ deformation vibrations (3, 11, 12, 13, 16). 
The infrared absorption spectra of N-substituted amino acids, in this region, 
differ from those containing a primary amino group (12) and correlations are 
difficult owing to the smail amount of data available and the complexity of 
the spectra. However, di-proline absorbs at 1653 cm.—! (11, 12) and sar- 
cosine (16) at 1645 cm.—!. 

The position of NH deformation bands in aromatic amines is complicated 
by the fact that this vibration occurs in the same region as the aromatic ring 
vibrations, and often causes modification of these. Rasmussen and 
Brattain (17) state that there is often an intensification of the ring vibrations 
in the spectra of aromatic amines, and this has led several authors to attempt 
to define characteristic bands of the ‘“‘anilino” structure. Witkop and 


Z 
oe, 
and they further state that a band in the region 1639 to 1600 cm.—' is ‘‘character- 
istic of anilino structures in general and of indolines in particular’ (21, 25, 26). 
On the other hand, according to Randall et al. (16) the absorption due to the 


anilino structure CH NC occurs at 1610 to 1595 cm.—', 1590 to 1560 cm.—!, 


Patrick (24) correlate a band at 1613 cm.—! with the grouping CsH;—N —C 


and 1515 to 1490 cm.—!. Secondary aromatic amines show an intensification 
of the aromatic band at 1600 cm.—! and possibly a shift of the 1500 cm.-! 
aromatic bands towards higher frequencies (3). 

There is cited in the literature only a relatively small number of cases 
of bands assigned to deformation vibrations of protonated secondary amino 
groups. For the hydrochlorides of four dihydroindole derivatives, Witkop, 
Patrick, and Kissman (27) quote absorptions between 1592 and 1570 cm.—', 
while Randall e¢ al. (16) refer to —NH;,+ deformations of dl-proline hydro- 
chloride at 1592 cm.—!, and of 2,2-dimethylthiazolidine-4-carboxylic acid 
hydrochloride at 1553 cm.—!. 


EXPERIMENTAL 


The spectra were recorded on a Perkin-Elmer double beam spectrometer 
(Model 21) with a sodium chloride prism. The conditions under which the 
spectra were measured are stated for each substance. 

For the purposes of this investigation the following new compounds were 
prepared. 


5,6-Dihydrophenanthridine Hydrochloride 
This salt was prepared by the action of dry hydrogen chloride on a solution 
of the base in dry benzene. It was recrystallized from aqueous alcoholic hydro- 


chloric acid from which it separated as colorless needles, m.p. 198°. Found: 
C, 71.99; H, 5.13; Cl, 16.33. C;sHizNCl requires: C, 71.72; H, 5.56; Cl, 16.29%. 
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Piperazine Perchlorate 


The hydrate of this salt (cf. Data and Chatterjee (7)) was dried at 100° 
in vacuo. The anhydro salt melted at 308° (decomp.). Found: C, 16.87; H, 3.98. 
C,H,O;3N-Cl. requires: eh 16.73; Hi, 4.22%. 

N-Deuteropiperidinium Deuterochloride 

Piperidine hydrochloride (1.0 gm.) was dissolved in heavy water (ca. 90% 
D.O, 30 ml.) and the solution heated to 80°. After the solution had been cooled, 
it was evaporated im vacuo and the residual partly deuterated salt was caused 


to exchange twice more with further quantities of heavy water (ca. 99.8% 
D.O, 10 ml.). The deuterated salt was a white solid, m.p. 247°. 
N-Deuteropiperidine 

A solution of sodium deuteroxide in heavy water was prepared by dissolving 
sodium (2.4 gm.) in heavy water (99.8% D,O, 15 ml.). To the cooled solution 
N-deuteropiperidinium deuterochloride (6.0 gm.) was added and the solution 
saturated with sodium sulphate. The resulting suspension was extracted with 
five successive portions of 50 ml. of dry ether. Distillation of the oil obtained 


after evaporation of the dried combined extract gave the base as a colorless 
liquid, b.p. 106 to 108°. 


RESULTS 
The infrared spectra of a number of secondary amines, both simple and 


complex, and their salts have been recorded. The principal bands observed in 
four special regions, i.e., I, 4000 to 3000 cm.—'; II, 2800 to 2000 cm.—’; III, 
1700 to 1500 cm.—!; IV, 850 to 600 cm.7! are listed below. The relative in- 
tensities of the spectral bands are shown in parenthesis, i.e., (s) strong, (m) 
medium, (w) weak. 
Dimethylamine 

Gas: I, 3350 (w), 3170 (w); II, 2800 (s), 2900 (w); IV, 742-715 (s). 
Dimethylamine Hydrochloride 

Solution in chloroform: I, 3650 (w); II, 2740 (s), 2450 (m); III, 1600 (m). 

Solid: I, 3200 (m) ; II, 2800-2775 (s), 2475 (s), 2375 (w), 2320 (w), 2160 (w); 
III, 1605 (m). 
Piperidine 

Liquid: I, 3263 (s); II, 2790 (s), 2730 (s), 2675 (m), 2635 (w); III, 1600- 
1575 (w); IV, 817 (m), 735 (s). 
Piperidine Hydrochloride 

Nujol mull: I, 3190 (w); II, 2795 (s), 2735 (s), 2640 (s), 2590 (m), 2535 (s), 
2440 (m), 2170 (w), 2050 (w), 2015 (w); III, 1672 (w), 1613 (w), 1597 (s); IV, 
862 (w). 
Morpholine 

Liquid: I, 3303 (m); II, 2760 (m), 2690 (w); IV, 833 (s), 800-790 (s). 

Solution in carbon tetrachloride: II, 2745 (w). 
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Morpholine Hydrochloride 
Nujol mull: II, 2780 (s), 2720 (s), 2620 (m), 2470 (m), 2185 (w); III, 1582 
(m); IV, 823 (w). 


Piperazine 

Solid: I, 3235 (s); II, 2750 (s), 2675 (w), 2640 (w), 2520 (w), 2255 (w); IV, 
835 (s). 

Solution in chloroform: I, 3335 (w); II, 2740 (w), 2510 (w). 


Piperazine Hydrochloride 

Hydrated, nujol mull: I, 3545 (m), 3475 (m); II, 2785 (s), 2730 (s), 2615 (m), 
2565 (m), 2480 (m), 2390 (m), 2140 (w); III, 1627 (s), 1553 (s). 

Anhydrous, nujol mull: I, 3540 (m), 3470 (m); II, 2780 (s), 2725 (s), 2620 
(m), 2570 (m), 2540 (m), 2480 (m), 2450 (m), 2385 (m), 2190 (w), 2135 (w); 
III, 1626 (s), 1597 (m), 1552 (s). 


Piperazine Perchlorate 

Hydrated, nujol mull: I, 3545 (w), 3330 (w), 3200 (s), 3110 (m); II, 2730 (w), 
2700 (w), 2600 (w), 2520 (w), 2430 (w), 2175 (w), 2040 (w); III, 1637 (w), 
1597 (s); IV, 862 (w), 605-592 (s). 

Anhydrous, nujol mull: I, 3190 (s), 3105 (s), 3030 (m) ; II, 2520 (w), 2420 (w), 
2040 (w); III, 1594 (s); IV, 866 (w), 635 (m). 


Pyrrolidine 


Liquid: I, 3260 (s); II, 2700 (w), 2640 (w); III, 1675-1645 (w); IV, 845- 
835 (s). 

In carbon tetrachloride: II, 2680 (m), 2560 (m), 2450 (w), 2190 (w). 

In carbon disulphide: II, 2670 (w), 2585 (w); IV, 800 (w), 755 (w). 


Pyrrolidine Picrate® 
Nujol mull: I, 3075 (s); II, 2610 (w), 2500 (w); III, 1633 (s), 1613 (s), 
1575 (s), 1548 (s), 1530 (s); IV, 837 (w), 793 (m), 745 (m), 710 (m). 


l-Proline 
Nujol mull: I, 3150 (s); II, 2800 (s), 2620 (s), 2520 (s), 2390 (s); III, 1622 (s), 
1585 (s), 1567 (s); IV, 847 (w), 790 (w), 640 (w). 


l-Proline Hydrochloride* 
Nujol mull: II, 2703 (s), 2639 (s), 2525 (s), 2433 (s); III, 1592 (m). 


Sarcosine* 
Nujol mull: I, 3448 (m); II, 2451 (w); III, 1645 (m), 1616 (m). 


Sarcosine Hydrochloride* 

Nujol mull: I, 3610 (w); II, 2793 (s), 2710 (s), 2519 (m), 2381 (m); III, 
1621 (w), 1570 (w). 

3Because of the hygroscopic nature of the hydrochloride of pyrrolidine the picrate was used. The 


bands at 1633, 1613, 1548, and 1530 cm.— according to Randall et al. (16) are due to picric acid. 
‘Values taken from Randall et al. (16). 
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N-Phenylglycine* 

Nujol mull: I, 3225 (w); II, 2347 (m), 2165 (m), 2004 (m); III, 1567 (s), 
1495 (s). 
N-Phenylglycine Hydrochloride* 

Nujol mull: I, 3584 (w), 3425 (w); II, 2688 (s), 2488 (m), 2500 (m), 2387 (m); 
III, 1600 (w), 1560 (w), 1490 (m). 
Diethanolamine 

Liquid: I, 3300 (s); IV, 865-850 (w). 

Solution in chloroform: I, 3610 (w), 3450-3360 (w). 
Diethanolamine Nitrate 

Nujol mull: I, 3380 (s), 3155 (s), 3050 (s); II, 2780 (m), 2390 (w); III, 
1590 (m); IV, 820 (m), 807 (m), 716 (w), 710 (w). 

Solution in chloroform: I, 3675 (w), 3590 (w); III, 1608 (m). 
1,2-Diethylhydrazine 

Liquid: I, 3245 (s); II, 2675 (w); IV, 845 (s), 805 (s), 735 (s). 

Solution in carbon tetrachloride: I, 3205 (w); II, 2700 (m), 2520 (w); IV, 
667 (m). 
1,2-Diethylhydrazine Hydrochloride 

Solid: I, 3205 (s), 3030 (s); II, 2800-2720 (s), 2540 (s), 2420 (m), 2280 (m), 
2180 (w); III, 1597 (m), 1542 (m); IV, 861 (s), 812 (s). 


N-Ethylaniline 
Liquid: I, 3380 (s), 3215 (w), 3050 (s), 3020 (s); II, 2690 (w), 2580 (w), 
2322 (w); III, 1608 (s), 1594 (s), 1508 (s); IV, 745 (s), 688 (s). 


N-Ethylaniline Hydrochloride 

Nujol mull: I, 3160 (w); II, 2750 (s), 2710 (s), 2660 (s), 2600 (s), 2550 (s), 
2490 (s), 2390 (s), 2100 (w), 2018 (w); III, 1607 (m), 1600 (w), 1589 (m), 
1495 (s); IV, 803 (w), 756 (s), 750 (s), 688 (s). 


Diphenylamine 
Solid: I, 3365 (m); III, 1603 (s), 1590 (m), 1565 (w), 1522 (s), 1502 (s); 
IV, 748 (s), 743 (s), 698 (s), 686 (s). 


Diphenylamine Hydrochloride 

Nujol mull: II, 2755 (m), 2700 (m), 2660 (s), 2590 (s), 2470 (s), 2430 (s), 
2350 (s), 2300 (s), 2050 (w), 1990 (w); III, 1600 (m), 1572 (m), 1568 (m), 
1502 (s); IV, 805 (w), 757 (s), 752 (s), 735 (s), 696 (s), 680 (s). 


1,2,3,4-Tetrahydroquinoline 
Liquid: I, 3380 (m), 3020 (w); III, 1610 (s), 1590 (m), 1508 (s), 1505 (s); 
IV, 837 (w), 818 (w), 742 (s), 712 (w). 


‘Values taken from Randall et al. (16). 
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1,2,3,4-Tetrahydroquinoline Hydrochloride 

Nujol mull: I, 3050 (w); II, 2775 (m), 2690 (s), 2630 (s), 2590 (s), 2520 (s), 
2480 (s), 2460 (s), 2420 (s), 2280 (w), 2190 (w), 2100 (w), 2060 (w), 2035 (w); 
III, 1612 (w), 1597 (w), 1572 (s), 1510 (m); IV, 845 (w), 812 (w), 758 (s), 
751 (s), 725 (w), 698 (w). 


§,6-Dihydrophenanthridine 
Nujol mull: I, 3350 (s), 3290 (s); III, 1611 (s), 1500 (s); IV, 815 (w), 768 (w), 
732-722 (s), 685 (w). 


§,6-Dihydrophenanthridine Hydrochloride 

Nujol mull: II, 2750 (w), 2700 (w), 2650 (s), 2570 (s), 2540 (s), 2420 (s), 
2355 (s), 2300 (m), 2202 (w), 2130 (w), 2050 (w); III, 1613 (w), 1577 (w), 
1560 (w), 1512 (w), 1494 (m); IV, 815 (w), 805 (w), 756 (s), 735 (w), 718 (w), 
630 (w). 
N-Methylanthranilic Acid 

Nujol mull: 3370 (m); II, 2735 (m), 2650 (m), 2580 (m), 2500 (w); III, 
1662 (s), 1587 (s), 1580 (m), 1565 (w), 1524 (s), 1507 (w); IV, 845 (w), 835 (w), 
775 (w), 748 (s), 700 (w), 657 (w). 
N-Methylanthranilic Acid Hydrochloride 

Nujol mull: I, 3270 (s), 3140 (s); II, 2720 (s), 2660 (s), 2600 (s), 2500 (s), 
2395 (s), 2000-1800 (m); III, 1692 (s), 1665 (s), 1617 (m), 1542 (s), 1502 (s); 


IV, 820 (s), 805 (m), 770 (s), 750 (s), 697 (s), 652 (m). 


Methyl N-Methylanthranilate 
Liquid: I, 3470 (w), 3365 (m), 3000 (w); III, 1685 (s), 1657 (w), 1611 (s), 
1585 (s), 1523 (s); IV, 830 (w), 790 (w), 742 (s), 700 (m), 662 (w). 


Methyl N-Methylanthranilate Hydrochloride 

Nujol mull: I, 3365 (w), 3060 (m); II, 2680 (m), 2600 (m), 2470 (s), 2325 (s), 
2270 (m), 2040 (w); III, 1713 (s), 1695 (s), 1615 (m), 1590 (m), 1542 (m), 
1527 (m), 1503 (m); IV, 832 (w), 805 (w), 783 (w), 768 (s), 746 (s), 696 (s), 
658 (w). 


Anolobine 
Nujol mull: I, 3240 (w); II, 2610 (w); III, 1607 (m), 1512 (w); IV, 850 (w), 
833 (w), 807 (w). 


Anolobine Hydrochloride 

Nujol mull: I, 3330 (m); II, 2800 (s), 2725 (m), 2670 (w), 2640 (w), 2575 (w), 
2505 (w); III, 1614 (s), 1589 (w), 1514 (w); IV, 842 (w), 833 (w), 808 (w), 
757 (w), 717 (w), 675 (w). 


l-p-Conhydrine 


Nujol mull: 3270 (s), 3110 (s); II, 2750 (s), 2600 (m); IV, 853 (m), 820 (w), 
792-746 (w), 745 (w). 
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l-y-Conhydrine Hydrochloride 

Nujol mull: I, 3360 (s), 3195 (w); II, 2730 (s), 2575 (m), 2525 (m), 2430 (m), 
2235 (w), 2080 (w); III, 1614 (m), 1599 (m); IV, 842 (w), 823 (w), 733 (w), 
720 (w). 


Cytisine 
Nujol mull: 3280 (w); II, 2805 (w), 2745 (w); III, 1651 (s), 1567 (s), 1552 (s), 
1546 (s); IV, 846 (w), 819 (m), 807 (w), 790 (m), 750 (w), 745 (w), 734 (w). 


Cytisine Perchlorate 
Nujol mull: I, 3090 (m); II, 2765 (m), 2618 (w), 2580 (w), 2410 (w); III, 
1650 (s), 1618 (m), 1560 (s); IV, 801 (s), 790 (w), 731 (w), 652 (w), 605 (m). 


Regions I and II 


Region I includes normal OH and NH stretching vibrations; region II will 
encompass OH and NH bands modified by salt formation or hydrogen bonding 
(the region 3000 to 2800 cm.—' has been omitted since it includes the very strong 
CH stretching vibrations). 

-In the free bases the normal NH stretching band was observed, in most 
cases, in the region 3380 to 3205 cm.—!. In view of the fact that Marion, 
Ramsay, and Jones (15) had previously observed that piperidine and some 
natural products containing this ring system did not exhibit the normal NH 
stretching band in the spectra of their chloroform solutions, the spectra of two 
other reduced heterocyclic bases, i.e., pyrrolidine and piperazine were measured 
in the same solvent. In both cases the normal NH band was absent. This type 
of phenomenon has also been reported by Chulanovskii (4), who noted that 
the main NH stretching band of pure diethylamine was shifted to higher 
frequencies and weakened in carbon tetrachloride solution. 

In the majority of cases reported in this paper, salt formation caused a 
considerable attenuation of the normal NH stretching band (cf. Depas and 
Khaladji (8)), which was also displaced towards lower frequencies. In nearly 
all the cases studied, the spectrum of the salt shows a complex series of absorp- 
tion bands in the region 2800 to 2000 cm.—! which are probably associated 
with —NH,;?* stretching vibrations. This effect seems to be more apparent in 
the aromatic series where three or four bands have been observed between 
2780 and 2600 cm.—', in all the spectra studied, as well as a variable number of 
other bands between 2600 and 2000 cm.—'. In general, the intensity of the 
bands in the latter region fell off towards the lower end of the frequency scale. 
The current investigation demonstrated that out of 17 secondary amine salts 
studied, 15 showed a band between 2760 and 2690 cm.—'!. Owing to the com- 
plexity of the spectra in this region, however, and the relative scarcity of 
information available no accurate correlation can be made at the moment. 


Region III 


In the spectra of all the salts of aliphatic and fully saturated heterocyclic 
bases investigated by the authors, a definite medium to strong absorption 
peak was observed near 1600 cm.~! which was invariably absent in the spectra 
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Fic. 1. Infrared absorption spectra of 1, pseudoconhydrine; 2, pseudoconhydrine hydro- 
chloride; 3, anolobine; 4, anolobine hydrochloride; 5, cytisine; 6, cytisine perchlorate. 
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of the corresponding free bases. This band is almost certainly due to deforma- 
tion vibrations of the protonated secondary amino group. In a few cases two 
bands are observed in this region as in the spectrum of ~-conhydrine hydro- 
chloride (1614 and 1599 cm.—') (Fig. 1, curve 2) and in that of 1,2-diethyl- 
hydrazine (1597 and 1542 cm.—'). In most cases, however, the peak is single as 
shown in the spectrum of cytisine perchlorate (Fig. 1, curve 6). Aromatic 
compounds unfortunately absorb in this region owing to the ring vibrations. 
Nevertheless, by careful comparison of the spectra of the free aromatic base 
and its salt, it is often possible to pick out the band associated with the —NH,+ 
deformation. An example is shown in Fig. 1 where curves 3 and 4 are the 
spectra of anolobine and its hydrochloride respectively. Whereas the spectrum 
of the base contains a band at 1607 cm.—! due to the aromatic ring, the spec- 
trum of its hydrochloride shows the same band at 1614 cm.~! and a smaller 


band at 1589 cm.—! which is attributed to NHS deformation. In the spectra 
of the salts of aromatic bases it is noteworthy that the normal aromatic ring 
vibrations around 1600 cm.—! are greatly reduced in intensity relative to that 


of the free base. The bands assigned to —NH;+ deformation are given in 
Table I. 


TABLE I 








Absorption due to —NH,* 
Salt deformation (cm.~) 





Dimethylamine hydrochloride 1600 
Piperidine hydrochloride . 1597 
Morpholine hydrochloride 1582 
Piperazine hydrochloride* 1552, 1597, 1626 
Piperazine hydrochloride monohydrate 1553, 1627 
Piperazine perchlorate 1594 
Piperazine perchlorate dihydrate 1597 
Pyrrolidine picrate 

Proline hydrochloridet 

N-Phenylglycine hydrochloridet 

Sarcosine hydrochloridet 

Diethanolamine nitrate 

1,2-Diethylhydrazine hydrochloride 

Diphenylamine hydrochloride 

N-Ethylaniline hydrochloride 

1,2,3,4-Tetrahydroquinoline hydrochloride 
5,6-Dihydrophenanthridine hydrochloridet 
N-Methylanthranilic acid hydrochloridet 

Methyl N-methylanthranilate hydrochloride 

Anolobine hydrochloride 

¥-Conhydrine hydrochloride 

Cytisine perchlorate 1618 





*Piperazine perchlorate gives the expected absorption, but the hydrochloride 
apparently behaves somewhat anomalously. 
Values reported by Randall et al. (16). 
{Probably some coupling of the NH vibrations with the ring vibrations, and 
the band system is difficult to explain with certainty. 


The —NH,+ deformation frequencies are mostly in the range 1620 to 
1560 cm.~-' although the salts of some secondary amines absorb at slightlv 
lower wave numbers. For instance. the hydrochlorides of 1.2-diethv hydrazine 
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of N-methylanthranilic acid, and of its methyl ester show a band at 1542 cm.“'. 

Both primary amines and their salts absorb in the infrared around 1600 cm.—! 
whereas tertiary amines and their salts, as well as quaternary ammonium salts, 
show no absorption in this region. For a number of these the absorption peaks 
in the following regions: I (4000 to 3000 cm.—'), II (2800 to 2000 cm.—'), 
III (1700 to 1500 cm.—'), and IV (850 to 600 cm.—') are listed below. 


Cyclohexylamine 
Liquid: I, 3340 (m), 3275 (m); II, 2675 (w); III, 1604 (m); IV, 840 (s), 
773 (s). 


Cyclohexylamine Hydrochloride 

Nujol mull: I, 3215 (w), 3000 (s); II, 2780 (s), 2735 (m), 2680 (m), 2630 (m), 
2580 (m), 2535 (m), 2390 (w), 2075 (m); III, 1625 (m), 1615 (w), 1608 (m), 
IV, 845 (w). 


Cyclohexylamine Perchlorate 
Nujol mull: I, 3220 (s); II, 2720 (w), 2675 (w), 2600 (w), 2515 (w); III, 
1605 (s); IV, 845 (w). 


Trimethylamine 
Gas: II, 2775 (s), 2515 (w), 2110 (w); IV, 846-838 (w), 826 (s), 805 (w). 


Trimethylamine Hydrochloride 
In chloroform: I, 3650 (w), 3420 (w) ; II, 2575 (s), 2520 (s), 2430 (s), 2380 (s), 
2220 (s), 2145 (m). 


N-Methylcytisine 
Nujol mull: II, 2775 (m), 2730 (w); II, 1660 (s), 1653 (s), 1577 (s), 1556 (s); 
IV, 808 (s), 741 (w). 


N-Methylcytisine Perchlorate 
Nujol mull: I, 3575 (w); II, 2715 (w), 2635 (w), 2560 (w); III, 1663 (w), 
1647 (s), 1555 (s); IV, 800 (m), 730 (w). 


Trimethylphenylammonium Chloride 

Nujol mull: III, 1597 (w), 1508 (s); IV, 847 (m), 844 (m), 778 (s), 692 (s). 
Tetramethylammonium Iodide 

Nujol mull: IV, 717 (w). 

It has been assumed that the bands appearing near 1600 cm.—' in the in- 
frared spectra of salts of secondary bases were due to —NH,* deformation 
vibrations and those in the region 2800 to 2000 cm.! to stretching vibrations 
of the same group. In order to ascertain whether this assumption was legiti- 
mate, the spectrum of N-deuteropiperidine deuterochloride (at least 90% 
deuterated) was compared with that of piperidine hydrochloride (Fig. 2, 
curves 2 and 4). Deuteration of the amino function considerably modified the 
spectrum. The intense band system found between 2800 and 2400 cm.~! in 
the spectrum of piperidine hvdrochloride was considerably attenuated in the 
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spectrum of the deuterated salt and a number of intense bands appeared 
between 2400 and 1900 cm.—!. These are almost certainly —ND,* stretching 
vibrations (cf. Lenormant (13)). The almost complete disappearance of the 
medium intensity band® near 1600 cm.—! was accompanied by the appearance 
of two new bands at 1297 cm.—' and 1238 cm.—', one or both of which is proba- 
bly associated with deformations of the —ND,* group, since Randall et al. (16) 
define the range for ND, deformations as 1279 to 1193 cm.—!. These spectra are 
shown in Fig. 2. As with the salts there was considerable difference between 
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Fic. 2. Infrared absorption spectra of 1, piperidine; 2, piperidine hydrochloride; 3, N- 
deuteropiperidine; 4, N-deuteropiperidine deuterochloride. 


the spectra of N-deuteropiperidine and piperidine. This gave rise to the sus- 
picion that perhaps the exchange of deuterium had affected not only the 
hydrogen substituted on the nitrogen, but some of the hydrogen substituted 


5The fact that the salt was only about 90% deuterated accounts for the small residual band still 


obs in the spectrum. 
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Fic. 3. Nuclear magnetic resonance spectra of A, piperidine; B, N-deuteropiperidine. 


on the carbon as well. However, an examination of the nuclear magnetic reson- 
ance spectra of piperidine and of N-deuteropiperidine (Fig. 3) showed that the 
two peaks due to the hydrogen attached to carbon in the spectrum of piperidine 
retained the same relative height in the spectrum of N-deuteropiperidine. 
Furthermore, the small peak representing the hydrogen attached to nitrogen 
in the one spectrum had practically disappeared in the other. Hence, the 
exchange product was exclusively N-deuteropiperidine. 


Region IV 


Spectral changes on salt formation have been observed in the low frequency 
region. All the aromatic amine salts referred to in this communication show a 
weak but very sharply defined band in the region 812 to 803 cm.—!. This may 
be due to NH rocking vibrations of the NH,+ group (6) although the fact that 
it is not present in non-aromatic amine salts renders this assignment dubious. 
There is also a modification of the aromatic out-of-plane hydrogen deformation 
bands in this region. The modification consists of an apparent splitting of the 
band into two with a separation by as much as 10 cm.~', and the splitting is 
accompanied by a movement of the band pair towards slightly higher fre- 
quencies (less than 20 cm.~'). As yet, however, too few aromatic secondary 
amine salts have been studied to consider these last observations as significant. 

It can be concluded that secondary amines can be detected by the appear- 
ance of a characteristic band in the region 1620 to 1560 cm.—! in the infrared 





HEACOCK AND MARION: INFRARED SPECTRA : 1795 


spectra of their salts which is invariably absent in the spectra of the bases 
themselves. The spectra of aromatic secondary bases are complicated by the 
ring absorption occurring in the same region but in most cases the assignment 
can still be made. In zwitterionic substances the detection of the secondary 
amine group is more difficult, and less certain. 
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A MANNAN PRODUCED BY SACCHAROMYCES ROUXII' 


By P. A. J. Gortn? anp A. S. PERLIN 


ABSTRACT 


The main slime polysaccharide produced by Saccharomyces rouxii during the 
fermentation of D-glucose to D-arabitol is a mannan. Acetolysis of the polymer 
has afforded di- and tri-saccharides in good yield, but no higher oligosaccharides 
were produced. The disaccharide is shown by methylation and lead tetraacetate 
oxidation to be 2-O-a-D-mannopyranosyl-D-mannose, establishing the presence 
of a 1,2-a-linkage in the polysaccharide. On acid hydrolysis the methylated 
mannan gives mainly 2,3,4,6-tetra-O-methyl-D-mannose, 3,4,6-tri-O-methyl-p- 
mannose, and 3,4-di-O-methyl-D-mannose; lesser components found are 2,4,6-tri- 
O-methyl-D-mannose and 3-O-methyl-D-mannose. The methylation and acetolysis 
data together suggest an average structural unit consisting of a main chain of 
D-mannopyranose units containing alternate 1,2- and 1,6-linkages, to which single 
D-mannopyranose units are attached by 1,2-linkages as side chains; alternatively, 
1,2-disaccharide units are attached as side chains by 1,2-linkages to a 1,6-linked 
main chain. 


During the fermentation of D-glucose to D-arabitol by Saccharomyces rouxii 
(14) a slime is produced in the culture medium. The slime was isolated from 
an active culture filtrate by repeated precipitation with ethanol from water as 
a light brown powder containing approximately 15% protein. It yielded 
mainly mannose, on acid hydrolysis, although traces of pentose and another 
hexose were detected in its hydrolyzate on paper chromatograms. After 
acetylation, followed by deacetylation of the product, a polysaccharide was 
obtained which was virtually free of protein and contained only mannose. 
This purified material had [a]p +58°, and in common with other mannans 
formed an insoluble copper complex. 

Partial acetolysis of the polysaccharide gave rise to a mixture of mono-, di-, . 
and tri-saccharide acetates which, after saponification, were chromatographed 
on charcoal (15) and then on cellulose (10). The yields of the di- and tri- 
saccharide were 10% and 25%, respectively. The disaccharide fraction was 
amorphous but appeared, from paper chromatographic examination, to be 
comprised of a single component. It yielded a crystalline octa-O-methy] ether, 
which on hydrolysis gave only crystalline 3,4,6-tri-O-methyl-D-mannose (1) 
and 2,3,4,6-tetra-O-methyl-D-mannose, characterized as the phenylhydrazide 
of the corresponding acid (5). The disaccharide, therefore, was 2-O-D-manno- 
pyranosyl-D-mannose; as it has not been crystallized, its possible identity with 
the crystalline 1,2-mannobiose synthesized by Gakhokidze and Kutidze (6) 
is not determined. Sodium borohydride reduction of the compound gave 
crystalline 2-O-pD-mannopyranosyl-D-mannitol, which, in agreement with the 
formulated structure, consumed 5 moles of lead tetraacetate per mole (12), 
producing 1 mole of formaldehyde per mole. The configuration of the glycosidic 
linkage was established by controlled lead tetraacetate oxidation of the 

1Manuscript received September 4, 1956. 
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mannobiitol to give 2-O-D-mannopyranosyl-D-glyceraldehyde, which was then 
reduced to sirupy 2-O-D-mannopyranosyl-glycerol. The latter proved to be 
the a-anomer since it and its crystalline hexa-p-nitrobenzoate had more 
positive optical rotations, respectively, than the corresponding 6-anomer and 
its derivative (3), respectively. Therefore the 1,2-linkage in the polysaccharide, 
as represented by the mannobiose, must possess the a-configuration. 

On treatment with lead tetraacetate the mannobiose consumed only traces 
of oxidant during a reaction time of 30 min., and when oxidation was promoted 
by addition of potassium acetate (12) 1 mole of formaldehyde per mole was 
produced within the same period. These results, together with the observed 
rate of formic acid production and the quantity of reagent consumed, are in 
complete accord with those anticipated for a 1,2-hexose disaccharide (4, 13), 
and hence validate the earlier suggestion that lead tetraacetate oxidations 
may be useful for determining the position of linkage of 1,2-disaccharides as 
well as of other disaccharide types. Since all but 1,2-reducing disaccharides 
rapidly consume at least 1 to 2 moles of oxidant in the uncatalyzed reaction (4), 
the absence of significant lead tetraacetate uptake by the amorphous disac- 
charide constitutes further evidence of its essential homogeneity. 

The mannan was methylated by three treatments with dimethyl sulphate — 
sodium hydroxide, and the product was then subjected to methanolysis fol- 
lowed by hydrolysis with 80% formic acid at 100° C. Paper chromatographic 
examination indicated that the hydrolyzate contained five component re- 
ducing O-methy] ethers. These were separated by chromatography on cellulose 
and found to be: (a) 2,3,4,6-tetra-O-methyl-D-mannose, a sirup characterized 
by conversion to crystalline 2,3,4,6-tetra-O-methyl-D-mannonic acid phenyl- 
hydrazide (5); (6) crystalline 3,4,6-tri-O-methyl-D-mannose (1); (c) 2,4,6-tri- 
O-methyl-D-mannose, a sirup which was characterized by the fact that on 
bromine oxidation followed by treatment with methanolic ammonia it gave 
2,4,6-tri-O-methyl-D-mannonic acid amide (7) and that it was unoxidized by 
aqueous periodic acid; (d) crystalline 3,4-di-O-methyl-D-mannose, which was 
identified from the fact that on lead tetraacetate oxidation it gave mono-O- 
formyl-2,3-di-O-methyl-D-arabinose, which in turn was converted to crystalline 
2,3-di-O-methyl-D-arabonic acid amide; and (e) 3-O-methyl-p-mannose, 
characterized since it rapidly consumed 1 mole per mole of lead tetra- 
acetate (13) to yield a material giving a pink color with the p-anisidine hydro- 
chloride spray (10) on a paper chromatogram. The ratio of compounds 
a: 6: c:d was approximately 10: 7: 2: 10, and the mono-O-methyl ether com- 
prised about 5% of the total. In addition to the 1,2-linkage, already established 
by isolation of the 1,2-mannobiose, the presence of the 1,6-linkage as a second 
major type is indicated by the methylation results, and the polysaccharide is 
shown to possess a highly branched structure. The isolation of 2,4,6-tri- and 
3-mono-O-methyl-D-mannose in small amounts suggests that the polymer also 
contains a small proportion of 1,3- and 1,4-linkages but it is possible that these 
minor components originate through incomplete methylation. 

A variety of possible repeating units may be devised using this methylation 
data. The results of partial acetolysis, however, assist considerably in elimi- 
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nating certain of these possibilities. As noted above, the acetolysis experiment 
furnished oligosaccharides having no more than three mannose residues. The 
trisaccharide fraction, although not yet completely characterized, is known 
from methylation results to contain only the 1,2-type of glycosidic linkage* 
making it improbable that the sequence of mannose residues linked 1,2- in 
the polysaccharide rarely, if ever, exceeds two. Since the yield of trisaccharide 
is high and because almost 90% of the linkage types encountered are 1,2- and 
1,6-, in a ratio of close to 2: 1, then these linkages must frequently occur in a 
sequence such as represented by (I). To account for the tetra-O-methyl (end- 
groups) and di-O-methy] (branch-points) ethers in the proportion in which they 
are obtained, but not the minor component O-methyl ethers, structure (I) 
is enlarged to give (II) and (III). The latter two types of structural unit are 


Manp 1 — 2 Manp 1— 2 Manp 1 — 6 Manp 
I 
Manp Manp 
1 1 


| | 
2 2 
— 6 Manp 1 — 2 Manp 1 — 6 Manp 1 — 2 Manp 1 — 
II 
Manp Manp 
1 1 


| | 

2 2 

Manp Manp 
1 1 


2 2 
— 6 Manp 1 — 6 Manp 1 — 
Ill 


consistent with all of these data and, accordingly, are suggested as possible 
average representations for a major proportion of the mannan. 

In many respects the slime mannan closely resembles the mannan isolated 
by Haworth and co-workers from baker’s yeast by alkali extraction (7, 8). 
The acetate of the latter polysaccharide showed [a]p +59° as compared with 
the present value of [a]p +53°. Further, the two methylated mannans on 
hydrolysis have yielded the same O-methy] ethers in approximately the same 
proportions, with a few minor exceptions. The interpretations of the two sets 
of data, however, differ somewhat for, in contrast with (II) and (III), all 
three of the possible formulae advanced by the earlier workers (7) have chiefly 
1,2-linkages in the main chain and 1,6-linkages in the side chain. Northcote 
and Horne (11) have produced evidence that the mannan constitutes part of 
the cell wall membrane rather than a storage material of the cell. The similarity 
in the fine structure of the two polysaccharides, therefore, raises the question 
as to whether the slime mannan is truly extracellular, or represents cell wall 
matter which is exuded by the active organism or released from spent cells 
through autolysis. 


*Unpublished data. 
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Paper chromatography was carried out on Whatman No. 1 filter paper 
using #-butanol-ethanol—water (40:11:19 v/v) as solvent and p-anisidine 
hydrochloride as spray reagent (10). Melting points are uncorrected. Evapo- 
rations were carried out under reduced pressure at 40° C. Optical rotations 
were measured at 27° C. 


Preparation of Crude Mannan 


A 30% pb-glucose solution (5 gal.) containing corn steep liquor (1.1%) and 
urea (0.53%) was fermented for nine days at 30° C. by Saccharomyces rouxii. 
The cell-free culture medium was concentrated and added to an excess of 
ethanol and the slime thus obtained was twice reprecipitated by ethanol from 
water. The final product was isolated as a light brown powder (66 gm.; found: 
N, 2.62%) which gave on acid hydrolysis mainly mannose, detected on a 
paper chromatogram. Traces of another hexose and of a pentose were also 
shown to be present. 


Purification of Mannan 


The polysaccharide (5.4 gm.), obtained above, was pasted in formamide 
(50 ml.) and shaken for 18 hr. in a mixture of pyridine (50 ml.) and acetic 
anhydride (20 ml.). Most of the polysaccharide dissolved and the suspension 
was filtered off. The filtrate was added to ice water and the precipitate centri- 
fuged off, washed twice with water, and dried. The acetylated material 


(6.2 gm.) had [a]p +53° (c, 0.75, chloroform). 

The acetate (0.89 gm.) was dissolved in chloroform (25 ml.) to which sodium 
methoxide (0.08 gm. of sodium in 75 ml.-of methanol) was added. After one 
hour the solution was acidified with dilute hydrochloric acid and the precipi- 
tate which had formed was filtered off. The polysaccharide was precipitated 
once from water with an excess of ethanol, centrifuged off, washed with ethanol 
then ether, and dried. Yield 0.31 gm. The mannan had [aJp +58° (c, 1.0, water) 
and gave an insoluble copper complex on mixing with Fehling’s solution. Only 
mannose was detected on a’paper chromatogram after acid hydrolysis of the 
product. 


2-O-a-D- Mannopyranosyl-D-mannose 

The crude polysaccharide (25 gm.) was dissolved by shaking in acetic 
anhydride (100 ml.) containing sulphuric acid (9 ml.), the temperature of the 
mixture being kept below 55°C. (2). After further treatment at 35° C. for 
two days the reaction mixture was filtered and poured into ice water. The 
mixture was then extracted with chloroform, which was washed with aqueous 
sodium bicarbonate, then water, dried (magnesium sulphate), filtered, and 
evaporated to give a solid crust. The latter was dissolved in methanol (200 ml.) 
to which sodium methoxide (sodium (0.5 gm.) in methanol (20 ml.)) was 
added. The precipitate which formed was filtered off (14.9 gm.) and the 
filtrate was evaporated to a solid which was deionized (Amberlites IR-120 
and IR-4B) in aqueous solution and evaporated to a solid (3.4 gm.). Both the 
soluble and insoluble fractions gave spots on a paper chromatogram corre- 
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sponding to mono-, di-, and tri-saccharides only, and were combined. A sample 
of D-mannose was treated with acetic anhydride and sulphuric acid in the 
same way as the mannan; no reversion products were detectable in significant 
quantity on a paper chromatogram. 

The mixture (14.9 gm.) was partly fractionated on a charcoal column using 
ethanol—water mixtures (15) and then completely on a cellulose column (10). 
On the latter column n-butanol saturated with water eluted the monosac- 
charide portion, ethyl acetate — acetic acid —- water (9: 4:4 v/v) the disac- 
charide (1.7 gm.), and 70% ethanol the trisaccharide (4.3 gm.). 

The disaccharide had [a]p +40° (c, 2.3, water). Behavior of the compound 
on oxidation with lead tetraacetate (4, 13) eliminated the possibility that the 
linkage position was 1,3-, 1,4-, 1,5-, or 1,6-. The data obtained, however, was 
wholly consistent with a 1,2-linkage. Thus, in the uncatalyzed reaction only 
traces of oxidant were consumed during the first 0.5 hour’s reaction time; all 
except 2-substituted compounds consume 1 to 2 moles per mole within the 
first 10 min. (4). Also, in the potassium acetate-catalyzed oxidation the com- 
pound produced 0.9 mole of formaldehyde per mole in 30 min.; the formic acid 
production at one, two, three, and five hours, respectively, was 1.5, 2.3, 2.9, 
and 3.4 moles per mole; and in five hours it produced 0.9 mole of formaldehyde 
per mole and consumed 6.3 moles of lead tetraacetate per mole. The corre- 
sponding data expected (based on the oxidation of 2-O-methyl-D-glucose and 
methyl a-D-mannopyranoside) was 1.0 mole of formaldehyde per mole; 1.8, 
2.5, 2.9, and 3.5 moles of formic acid; 1.0 mole of formaldehyde per mole and 
6.8 moles of lead tetraacetate per mole. 


Methylation of 2-O-a-D-Mannopyranosyl-D-mannose 

The disaccharide (0.290 gm.) was methylated four times with dimethyl 
sulphate — sodium hydroxide as described for the methylation of the mannan 
(see below) except that during the first treatment the dimethyl] sulphate was 
added before the sodium hydroxide to minimize the possibility of degradation. 
The product (0.285 gm.) crystallized, was twice recrystallized from n-hexane, 
and had m.p. 43-46°C. and [a]lp +72° (c, 0.8, ethanol). Calculated for 
CooH3s011: C, 52.85%; H, 8.48%; —OCH:, 54.6%. Found: C, 53.25%; H, 
8.53%; —OCH:, 53.2%. 

The methylated disaccharide (0.145 gm.) was hydrolyzed by being heated 
for 18 hr. at 100°C. in formic acid (5 ml.) containing water (0.5 ml.). The 
reaction mixture was then evaporated to a sirup, dissolved in water, and heated 
at 100° C. to destroy formate esters. The solution was evaporated to a sirup 
and the process was repeated twice. The mixture of O-methyl sugars was 
fractionated on a cellulose column. Benzene-ethanol—water (10: 1: trace v/v) 
eluted the tetra-O-methyl sugar (0.066 gm.), and benzene—ethanol—water 
(5:1: trace v/v) the tri-O-methyl sugar (0.060 gm.). The tetra-O-methyl 
mannose had [a]p +8° (c, 0.7, water) and was oxidized with bromine to its 
lactone, which was converted to 2,3,4,6-tetra-O-methyl-D-mannonic acid 
phenylhydrazide, m.p. 180-181° C. Calculated for CisH2sOgNe2: C, 56.12%; 
H, 7.65%. Found: C, 56.30%; H, 7.80%. The tri-O-methy] sugar crystallized 
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and was twice recrystallized from ether to give 3,4,6-tri-O-methyl-D-mannose 
with m.p. 99-101° C. and [a]p +18° — +8° (constant, 18 hr.) (c, 0.7, water). 
Calculated for CyH1s0¢: C, 48.64%; H, 8.16%. Found: C, 48.71%; H, 8.18%. 
The melting point of each of the above sugars was not depressed by admixture 
with known specimens, and the correct X-ray diffraction patterns and infrared 
absorption spectra were given. 
2-0-a-D- Mannopyranosyl-D-mannitol 

2-O-a-D-Mannopyranosyl-D-mannose (0.235 gm.) was dissolved in water 
(20 ml.) containing sodium borohydride (0.10 gm.) and the solution was left 
for 18 hr. Acetic acid was added to destroy excess reagent and the solution 
then treated with Amberlite IR-120 and evaporated to dryness. Boric acid 
was removed by dissolving the sirup in successive portions of methanol and 
repeated evaporations of the solution. The product (0.204 gm.) crystallized 
and was recrystallized twice from methanol-—ethanol. It had m.p. 136-137° C. 
and [alp +45° (c, 0.8, water). Calculated for Ci:2H2sO11: C, 41.86%; H, 7.08%. 
Found: C, 41.66%; H, 7.09%. The alcohol was oxidized with lead tetraacetate 
in 90% acetic acid containing potassium acetate. After three hours (steady 
state) 5.2 moles of reagent per mole had been consumed by the carbohydrate 
and 1.0 mole of formaldehyde per mole liberated. (Calculated: 5.0 and 1.0 
moles per mole, respectively). 


Methylation of Mannan 


The crude mannan (15.0 gm.) was dissolved in water (150 ml.) contained 
in a three-necked flask. To the vigorously stirred solution and under an 
atmosphere of nitrogen, sodium hydroxide (2.5 gm.) was added followed by 
dimethyl sulphate (2.3 ml.). The solution was kept at 0° C. for one hour and 
then treated with portions of 30% (w/v) sodium hydroxide (75 ml.), fol- 
lowed by dimethyl sulphate (70 ml.) three times. The reaction mixture was 
heated on a steam bath for two hours to destroy excess dimethyl] sulphate, 
neutralized with acetic acid, and extracted twice with equal volumes of chloro- 
form. The extract was dried (magnesium sulphate), filtered, and evaporated 
to a light brown solid (9.8 gm.); found: —OCHs, 43.7%. 


Separation of Component O-Methyl-D-mannoses After Hydrolysis of Methylated 
Mannan 


The methylated polysaccharide (4.69 gm.) was refluxed in 2.5% methanolic 
hydrogen chloride for 18 hr. and the solution was neutralized (silver carbonate), 
filtered, and evaporated to a brown solid (4.57 gm.). The degraded material 
was dissolved in formic acid (40 ml.) containing water (10 ml.) and further 
hydrolyzed by heating of the solution at 100° C. for 48 hr. The solution was 
evaporated to a sirup which was dissolved in water (50 ml.); the mixture was 
then heated at 100° C. for three hours to hydrolyze formate esters, the solution 
being then evaporated to a sirup and the process being repeated four times. 
The sirupy mixture thus obtained (4.59 gm.) was examined on paper chromato- 
grams and its components separated on a cellulose column as shown in Table I; 
3.67 gm. of starting material was used in the separation. 
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TABLE I 
SEPARATION OF O-METHYL-D-MANNOSES 








Net yield, 


Solvent used in column fractionation Eluted sugar 





2,3,4,6-Tetra-O-methyl-D-mannose 
3,4,6-Tri-O-methyl-p-mannose 
2,4,6-Tri-O-methyl-b-mannose 
3,4-Di-O-methyl-D-mannose 
3-0-Methyl-p-mannose 


Benzene-ethanol—water 10: 1: trace v/v 


Benzene-ethanol-—water 7: 1: trace v/v 
n-Butanol half-saturated with water 
Total (81% recovery) 





2,3,4,6-Tetra-O-methyl-D-mannose 

The sirup (0.148 gm.), which had [a]p +23° (c, 4.8, methanol), was oxidized 
in bromine water. The reaction product was lactonized, and converted to 
2,3,4,6-tetra-O-methyl-D-mannonic acid phenylhydrazide by the action of 
phenylhydrazine. Two recrystallizations from benzene gave a _ product 
(0.034 gm.) with m.p. 183-184° C. and [a]p —28° (c, 0.8, chloroform). Calcu- 
lated for CisH2s6OsN2: —OCHs, 36.2%. Found: —OCHs, 36.0%. 


3,4,6-Tri-O-methyl-D-mannose 

The material crystallized spontaneously and was recrystallized twice from 
ether. It had m.p. 101-103° C. and [a]p +17° — +8° (constant, 18 hr.) (c, 
0.9, water) and gave an X-ray diffraction pattern identical with that of an 
authentic specimen. Calculated for CyHis0.: C, 48.64%; H, 8.16%. Found: 
C, 48.64%; H, 8.09%. 


2,4,6-Tri-O-methyl-D-mannose 

The sugar had [a]p +12° (c, 1.2, water) and did not consume periodic acid. 
Calculated for CyH:1s06: —OCHs, 41.9%; found: —OCHs, 41.1%. The ma- 
terial was also characterized by conversion to 2,4,6-tri-O-methyl-D-mannonic 
acid amide, m.p. 142—143° C. after two recrystallizations from ethanol-ether- 
n-hexane. Haworth and co-workers (7) report m.p. 145° C. 


3,4-Di-O-methyl-D-mannose 

The sugar crystallized and was twice recrystallized from ethyl acetate to 
give a product with m.p. 70-73° C., which differs from other melting points 
of this material quoted in the literature (7, 8). Therefore, it (0.086 gm.) was 
left overnight with lead tetraacetate (0.18 gm.) in acetic acid (15 ml.) con- 
taining water (0.3 ml.). Excess lead was then precipitated by the addition of 
oxalic acid in acetic acid and the solution was filtered. The filtrate was evapo- 
rated to a sirup which gave a red-brown spot which moved at a distance 
of 1.2 compared with 2,3-di-O-methyl-L-arabinose on a paper chromato- 
gram. This material (0.088 gm.), presumably 5-O-formyl-2,3-di-O-methyl-p- 
arabinose, was dissolved in water (10 ml.) containing bromine (0.2 ml.). 
After five days excess bromine was aerated off, the solution neutralized (silver 
carbonate), filtered, treated with Amberlite IR-120, and evaporated to a sirup. 
The product was heated at 100° C. for three hours to promote lactonization 
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and then dissolved in excess methanolic ammonia. The resulting sirup, obtained 
on evaporation of the solution, crystallized and was recrystallized three times 
from ethanol—n-hexane. Yield 0.033 gm. It had m.p. 156-158° C. and [a]p — 17° 
(c, 0.75, water), and gave an X-ray powder diagram identical with that of 
2,3-di-O-methyl-L-arabonic acid amide (9). Calculated for C7H;,;0;N: C, 
43.51%; H, 7.83%. Found: C, 43.55%; H, 7.81%. 


3-O- Methyl-D-mannose 


The sirup had [a]p +15° (c, 1.2, 50% ethanol), moved at a rate similar to 
that of 3-O-methyl-p-glucose, and gave a brown spot on a paper chromato- 
gram. Calculated for C;H:sO0g.: —OCHs, 16.0%; found: —OCH:, 15.0%. A 
portion was oxidized with lead tetraacetate in acetic acid; 1 mole of reagent 
per mole was consumed immediately, very little more being taken up during 
the next 30 min. The reaction mixture was then evaporated to a sirup which 
was dissolved in water and treated with Amberlites IR-120 and IR-4B. The 
solution was filtered and evaporated to a sirup which on a paper chromatogram 
gave a pink spot corresponding to a pentose which moved 1.2 times the 
distance of rhamnose. 
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THE CONFIGURATION OF GLYCOSIDIC LINKAGES IN 
OLIGOSACCHARIDES 


I. APPLICATION OF JACKSON AND HUDSON’S OXIDATION METHOD TO 
REDUCING DISACCHARIDES'! 


By A. J. CHARLSON? AND A. S. PERLIN 


ABSTRACT 


Use of glycol-cleavage oxidations to assist in establishing the configuration 
of biose linkages is considered. The approach is based on degradation of 
disaccharides to yield compounds of simpler structure, all disaccharides of a 
given class yielding the same product. Thus, 1,6-D-aldohexopyranose disac- 
charides on oxidation yield one of two possible trialdehydes, the reducing end- 
unit being converted to glycolic aldehyde and the non-reducing end-unit to a di- 
aldehyde of a type produced from simpler glycosides. These two compounds differ 
only in the configuration of the carbon atom which originally constituted the 
glycosidic center, a-linked disaccharides giving rise to one compound, and 6-linked 
to the other. The relative contribution of the glycosidic center to the optical 
activity of these oxidation products is thereby enhanced and, accordingly, is 
expected to promote a large rotational difference between a- and 8-compounds. 
Correlation of a 1,6-disaccharide of unknown configuration with known ones by 
comparison of specific rotational values should then be possible. Disaccharides 
having other linkage positions, e.g., 1,2- or 1,4-, are likewise degraded to com- 
pounds having fewer asymmetric carbon atoms, which are common to all 
disaccharides of the same class. The results obtained with disaccharides of 
established structure are in accordance with the theoretical considerations 
presented. Experimentally, the procedures are simple and require only small 
quantities of material. 


Recent developments in chromatography (4, 9, 15) have promoted the 
isolation of an ever-broadening variety of new disaccharides from natural 
and synthetic sources. Frequently assignment of the configuration of the 
glycosidic linkage in these disaccharides is based upon the observed equili- 
brium specific rotation of the particular compound. In the D-series, for example, 
a high positive rotational value is taken to indicate an a-configuration whereas 
a B-linkage is suggested by a low positive or negative value. A more definitive 
assignment of configuration is possible by application of Hudson’s Rules of 
Isorotation (5) provided that a closely-related disaccharide of established 
structure is known. Other evidence for the type of biose linkage is obtained 
from the use of specific glycosidases, or from the method employed to synthe- 
size the compound or its anomer and, more recently, from infrared absorption 
data (1, 7, 16). 

The configurations of the anomeric monosaccharide methyl glycosides 
have been correlated by oxidation with periodate or with lead tetraacetate 
(6, 8). Thus in the p-series all methyl-a-aldohexopyranosides through cleavage 
of the 2,3,4-triol group yield the same dialdehyde (I) which has a large positive 
specific rotation; likewise the 8-glycopyranosides all yield a common dialde- 

1Manuscript received August 20, 1956. 

Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan. Issued as -~ No. 230 on the Uses of Plant Products and as N.R.C. 
No. 4130. Presented before the 39th Annual Conference of the Chemical Institute of Canada, 


Montreal, Quebec, 1956. 
2National Research Council of Canada Postdoctorate Fellow, 1955-656. 
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hyde which differs from I in the configuration at the glycosidic center and 
possesses a large negative rotation. Alternatively reduction of the dialdehydes 
according to Smith and van Cleve affords a pair of optical antipodes of equal 
but opposite rotation, that derived from the a-anomer now having a negative 
rotation and that from the 8-anomer a positive rotation (13). Thus by reducing 
the number of asymmetric centers in the molecule the relative rotatory power 
of the glycosidic center is enhanced and a ready correlation achieved between 
the configuration of the original compound and the specific rotation of the 
oxidized compound. The present communication considers the possibility of 
utilizing this approach for determining the configuration of the glycosidic 
linkage in reducing disaccharides. 

Reducing disaccharides, by oxidation with glycol-cleaving agents, yield 
products which in some respects are similar to the dialdehydes derived from 
the simple glycosides. For example, D-aldohexopyranose disaccharides having 
1,6-linkages are degraded by periodate or lead tetraacetate to a trialdehyde 
(II) in which the reducing end-unit has been converted to glycolic aldehyde 
and the glycosidic residue yields a dialdehyde of the type derived from simple 
glycosides. A 1,4-hexose disaccharide such as cellobiose should be converted by 
lead tetraacetate to III (11) in which the p-erythrose unit of the reducing 
end is linked through the 2-position to a dialdehyde of the type derived from 
B-b-aldohexopyranosides. Maltose, however, should yield a compound which 


CH,OH CH,OH 
H H 


CHO , CHO 


CH,OH 


CH,OH 
0 OH 
CHO 0 
H 
CHO CHO 


(fit) 


CHO " CHO 
H¢—0—C-—0-—GH 
CH,OH 10 HOH 
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differs from III only in that the configuration of the glycosidic center is akin 
to that of the dialdehyde from an a-D-aldohexopyranoside. Likewise, all 
D-aldohexopyranose disaccharides in which the reducing end-unit is D-glucose 
or D-mannose should yield one or other of these oxidation products depending 
on the configuration of the biose linkage. If p-galactose is the reducing end-unit 
the product will be III, in which pD-erythrose is replaced by pD-threose. 

The results found experimentally with reducing 1,6- and 1,4-aldohexo- 
pyranose disaccharides and related compounds (Table I) agree well with those 


TABLE I 


SPECIFIC ROTATIONS OF THE PRODUCTS OBTAINED BY GLYCOL-CLEAVAGE OXIDATION OF 
DISACCHARIDES 








[elp 
[a]lp Oxidation oxidized 
Disaccharide disaccharide procedure disaccharide 





Melibiose (1,6a) Periodate 
Isomaltose (1,6a) or 
Mannobiose (1,6a) 

Galactosido-erythritol (1,4) 


Gentiobiose (1,68) 
Mannosido-erythritol (1,48) 


Maltose (1,4a) Lead tetra- 
acetate 
Glucosido-arabinose (1,3a) = 


Lactose (1,48) 

Cellobiose (1,48) 
Glucosido-mannose (1,48) 
Mannobiose (1,48) 


Glucosido-erythritol (1,2a) 
Glucosido-erythritol (1,28) 
Galactosido-erythritol (1,28) 
Glucosido-fructose (1,5a) 
Xylobiose (1,48) 





*Of the octaacetate. 


anticipated. Thus, the specific rotations of oxidized a- and 8-1,6-disaccharides 
differed markedly. Two 1,6-a- compounds, melibiose and isomaltose, yielded 
products having a strong positive rotation and of approximately the same 
magnitude. The §-linked disaccharide, gentiobiose, however, yielded a product 
of opposite rotational sign, and, presumably because the glycolic aldehyde 
residue contributes little to the over-all rotation, of similar value. A recently- 
isolated fungal fermentation product, 1-O-p-mannopyranosyl-D-erythritol (2), 
has been assigned a 6-configuration from its specific rotation of —39°. This 
compound was now expected to yield the same trialdehyde as gentiobiose and, 
in fact, the oxidized products derived from both compounds are found to have 
strong negative rotations of approximately the same order. On the other hand, 
4-O-a-D-galactopyranosyl-p-erythritol (3) is degraded to a dialdehyde having 
approximately the same specific rotation as oxidized 1,6-a-disaccharides. By 
the same method, 6-O-p-mannopyranosyl-D-mannose, [a]p +52°, is assigned an 
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a-configuration since its oxidation product corresponds to that derived from 
known 1,6-a-compounds. 

Three 8-1,4-disaccharides—cellobiose, lactose, and 4-O-86-p-glucopyranosyl- 
D-mannose—yielded products having specific rotations all of negative sign 
and of approximately the same value. On the other hand, the specific rotation 
of oxidized maltose, being positive, differed greatly from that of the oxidized 
8-compounds. By treatment with lead tetraacetate, 3-O-a-p-glucopyranosyl- 
D-arabinose, [a]p +48°, should also yield the same product as maltose, and 
the observed rotational value after oxidation is in good agreement with this 
expectation. The specific rotation of the glucosyl-arabinose and that of 
6-O-a-D-mannopyranosyl-D-mannose are less than that of the known -di- 
saccharide, lactose, providing instances of the difficulty encountered in assign- 
ing configuration on the basis of an equilibrium specific rotation value. 
4-0-p-Mannopyranosyl-D-mannose (17) had been assigned tentatively the 
8-configuration from its observed equilibrium rotation of [a]p —2° and the 
fact that it was not attacked by an a-mannosidase preparation. Its lead 
tetraacetate oxidation product has [a]lp —84°, which therefore confirms the 
1,4-linkage as of the 6-type. 

‘ Disaccharides possessing 1,2-linkages are overoxidized by glycol-cleavage 
agents and therefore cannot be examined by direct-oxidation. Overoxidation 
is avoided, however, if the disaccharide is first reduced to the alcohol (10). 
Theoretically, therefore, it should be possible to arrive at a pair of a- and 
8-anomers corresponding to IV in which the reducing end has been degraded 
to D- or L-glyceraldehyde, depending on the configuration of carbon-2. Three 
compounds of this type, glycopyranosyl-D-erythritols, were found on oxidation, 
however, to yield products having zero or very small rotations (Table I). 
A possible explanation for these apparently anomalous results is that the 
oxidation products are symmetrical molecules, such as V, in which the rota- 
tional contribution of the p-glyceraldehyde unit derived from the non-reducing 
end (Va) should be balanced by the L-glyceraldehyde unit derived from the 
reducing end (Vb). A compound possessing two D- or two L-glyceraldehyde 
units, on the same basis should exhibit significant rotatory power since the 
contribution of the two substituted trioses would now be additive. In agreement 
with these considerations, the trialdehyde prepared by oxidation of leucrose 
(14) (5-O-p-glucopyranosyl-pD-fructose), theoretically containing two D-glycer- 
aldehyde units, has [a]p +36°. The observed rotation bears no relation to the 
original configuration of the disaccharide, however, since the glycosidic center 
of the oxidation product is not asymmetric. Hence, the method under considera- 
tion does not apply for 1,2- (or 1,5-) hexopyranose disaccharides. The products 
of oxidation, however, are of theoretical interest in that they represent novel 
illustrations of the relationship between rotatory power and structure. 

A pentopyranose disaccharide with a 1,4-linkage or a reduced 1,2-biose 
should also yield a product containing a glyceraldehyde substituent (VI). 
This trialdehyde, however, should be stereoisomeric with II, derived from 1,6- 
hexose disaccharides. Xylobiose (4-O-p-xylopyranosyl-pD-xylose; [a]p —25°), 
for example, which has been assigned the 6-configuration, on oxidation should 
yield the same product as a 1,6-a-hexopyranose disaccharide. The highly 
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positive specific rotation observed after treatment with periodate ([a]p +102°) 
is in good agreement with this expectation, although the numerical value is 
slightly greater than that found with the oxidized 1,6-a-compounds. Other 
classes of disaccharides, which on oxidation yield II, e.g., 5- (or 6-) D-pento- 
furanosyl-pentose (or -hexose) and reduced 2-p-pentopyranosyl-hexose (or 
-pentose) may likewise be correlated with a- or B-1,6-hexose disaccharides. 

Possibly, the configuration of other disaccharide types can be satisfactorily 
correlated by the method described. A 1,3-pentose disaccharide, for instance, 
should yield a compound corresponding to III, in which the primary carbinol 
group of the glyceraldehyde substituent is replaced by hydrogen; if the 
non-reducing end-unit is pentofuranose or hexopyranose the product should 
be identical with II]. Methyl-pentose units or sugars of the L-series increase 
the number of possible oxidation products which may be derived from disac- 
charides, but in several instances the products will be closely similar to those 
already dealt with. 

The data and considerations presented above suggest that glycol-cleavage 
reactions, already well established as a means for correlating the configuration 
of glycosidic linkages in glycosides, may also assist in establishing the configur- 
ation of biose linkages. However, the reducing end-unit introduces greater 
complexity and a wide variety of disaccharides must be examined to establish 
the efficacy of the present approach. The method is not feasible with some 
classes of compounds, notably 1,2-hexose disaccharides, and is untried with 
others, such as 1,3-disaccharides. A second method, however, which permits the 
assignment of configuration to compounds in these two categories, as well as 
to several other disaccharide types, is described in the succeeding paper of 
this series. It may be noted also that the configuration of the biose linkage in 
new disaccharides may be determined in some instances by glycol-cleavage 
oxidation simultaneously with the linkage position (3, 11). 


EXPERIMENTAL 
Isomaltose and gentiobiose were prepared from the crystalline octaacetates 
by deacetylation with sodium methylate (18). The solutions were neutralized 
with acetic acid, the methanol was evaporated, and the sirups were used directly 
in the oxidations. 


Oxidations with Periodate 

In a typical experiment 136 mgm. of melibiose hydrate was dissolved in 
5 ml. water and the solution was mixed with 5 ml. of a solution containing 
600 mgm. of sodium periodate. Measurements of rotation were made at 
intervals; the observed rotation was almost constant in four hours at ap 
+1.26°, dropping slightly in 24 hr. to +1.13°. Assuming conversion of the 
melibiose into 72 mgm. of II the specific rotation of the oxidized product was 
[a]p +79°. 


Oxidations with Lead Tetraacetate 
The reactions were carried out at 28°C. in a constant-volume type of 
Warburg respirometer as described previously (11). In a typical experiment, 
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nine manometers were set up and in each flask 1.5 mgm. of maltose in 0.2 ml. 
of 90% acetic acid was treated with 25 mgm. of lead tetraacetate and 10 
mgm. of potassium acetate dissolved in 1.0 ml. of 90% acetic acid. The 
carbon dioxide evolved during the reaction indicated that approximately 
one mole of formic acid was liberated in five to six hours’ reaction time. The 
contents of all flasks were then combined and excess lead tetraacetate was 
destroyed by addition of 0.5 ml. of oxalic acid solution (10%, in acetic acid). 
The lead oxalate was filtered off and washed with acetic acid and the filtrate 
was concentrated to dryness at 40°C. Three milliliters of water was added to 
the residue and the slightly turbid solution was stored at 3°C. for 18 hr. to 
promote hydrolysis of the formate ester groups (12) (see below), following 
which the solution was neutralized with lead carbonate and filtered through 
Celite. The clear filtrate was used for polarimetric measurements (2 dm. 
tube); ap +0.17° (initial) -~ ap +0.15° (24 hr.; constant value); this corres- 
ponded to [a]?? +23°, assuming that the maltose (13.5 mgm.) had been de- 
graded to 9.9 mgm. of the a-anomer of III. 

Experiments in which methyl glycosides were oxidized in the same manner 
indicated that the loss of oxidation product in this procedure was small. 
For example, methyl §-p-glucopyranoside gave values of [a]?? —123° and 
— 132° (see below) as compared with values of —150° (6) and —141° (13) 
by periodate oxidation. 

Oxidations with lead tetraacetate on a larger scale were carried out at 
28°C. in glass-stoppered Erlenmeyer flasks. The approximate reaction period 
to be employed was chosen from results obtained by the small-scale procedures 
and the degree of oxidation was checked by measurement of lead tetraacetate 
consumed; five to seven hours appeared to be suitable for all compounds 
examined, although some oxidations were complete in shorter reaction times. 
In a typical experiment 51.1 mgm. of lactose hydrate in 10 ml. of 90% acetic 
acid was treated with a solution of 750 mgm. of lead tetraacetate and 300 
mgm. of potassium acetate in 30 ml. of 90% acetic acid. After three hours, ~ 
titration of a 2.0 ml. aliquot showed that 4.9 moles of lead tetraacetate had 
been consumed (requires 5.0 moles (3)). An aqueous solution (5.0 ml.) of the 
oxidation product was prepared as described above and its optical rotation 
measured: ap —0.96° (initial) —- ap —1.03° (24 hr.; constant value). The 
specific rotation, assuming that 48.6 mgm. of lactose hydrate had been oxidized 
to 33.8 mgm. of III, was [a]p —76°. 


Hydrolysis of Formate Esters Produced During the Oxidation of 1 ,4-Disaccharides 

Maltose, lactose hydrate, and cellobiose were oxidized with lead tetra- 
acetate as described above, meso-2,3-butanediol being used in place of oxalic 
acid to destroy excess oxidant, and with omission of the lead carbonate 
neutralization step. The hydrolysis rate of the formate esters of each product 
in aqueous solution was measured polarimetrically, with the following results 
(initial concentration of sugar, 1%; 2 dm. tube; 27°C.). 

These data are similar to those found for hydrolysis of the formate ester 
groups of di-O-formyl-p-erythrose (12). 
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Time (hr.) 
{a]p 
0.5 5 24 48 72 
Maltose +1.05° +0.86° +0.54° +0.47° +0.46° +31° 
Lactose +0.05° —0.38° -—0.98°  —1.15° —1.13° -—77° 
Cellobiose +0.10° —0.34° —0.86° —1.06° —1.06° —73° 
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THE CONFIGURATION OF GLYCOSIDIC LINKAGES IN 
OLIGOSACCHARIDES 


II. BY DEGRADATION OF REDUCING DISACCHARIDES TO 2-0- 
GLYCOSYL-GLYCEROLS'! 


By 4. J. CHartson,? P. A. J. Gorin,? ano A. S. PERLIN 


ABSTRACT 


Reducing aldohexopyranose disaccharides are degraded by employing a 
series of oxidations and reductions to yield 2-O-glycosy]l-glycerols, configura- 
tions of which are assigned according to Hudson’s definition. Maltose, for 
example, treated with 2 moles of lead tetraacetate gives 2-O-a-D-glucopyranosyl- 
D-erythrose; the latter is reduced to the corresponding alcohol, which is oxidized 
in turn with 1 mole of lead tetraacetate to give 2-O-a-p-glucopyranosyl-L- 
glyceraldehyde, and a second reduction yields 2-O-a-D-glucopyranosyl-glycerol. 
Cellobiose is converted to 2-O-8-p-glucopyranosyl-glycerol by the same sequence 
of reactions. Other reducing disaccharides containing D-glucopyranose non-re- 
ducing end-units may also be degraded to give one or other of these anomeric 
glycerol-derivatives, the identity of which establishes the configuration of the 
glycosidic linkage in the original disaccharide. The pair of anomeric 2-O-p- 
galactopyranosyl-glycerols is afforded by the naturally-occurring a-anomer, and 
the product obtained through degradation of lactose. 2-O-p- Mannopyranosyl-pD- 
mannose, obtained after acetolysis of a yeast slime mannan, and 4-O-p-manno- 
pyranosyl-D-mannose, from ivory nut mannan, yielded 2-O-a- and 2-O0-8-p- 
mannopyranosyl-glycerol, respectively, which establishes the configuration of 
the glycosidic linkages in the disaccharides. 


The preceding communication (2) describes the application of Jackson and 
Hudson’s glycoside oxidation method to reducing disaccharides as a means 
for determining the configuration of glycosidic linkages. Difficulty was en- 
countered in applying the method to some classes of disaccharides, notably 
1,2-aldohexose compounds, but this has now been obviated through the 
development of a second method for determining configuration, which forms 
the subject of the present paper. 

The object of the current approach was to achieve selective degradation of 
the reducing end-unit of a disaccharide so as to eliminate asymmetry other 
than that of the non-reducing end-unit of the molecule. Earlier studies (11, 13) 
had shown that reducing sugars are oxidized very rapidly by lead tetraacetate 
and are degraded in stepwise fashion, beginning at the a-hydroxy-hemiacetal 
group. With reducing disaccharides lead tetraacetate effects preferential 
oxidation of the reducing end-unit; cellobiose (I), for example, was degraded 
with 2 moles of the reagent to yield 2-O-8-p-glucopyranosyl-p-erythrose (II) 
(1). After reduction, the tetritol derivative was converted by oxidation with 
1 mole of lead tetraacetate to 2-O-8-p-glucopyranosyl-L-glyceraldehyde (III), 
advantage being taken of the considerably greater reactivity of polyols 
relative to glycosides (4, 5). The L-glyceraldehyde unit was then reduced 

1Manuscript received August 20, 1956. 

Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan. Issued as Paper No. 282 on the Uses of Plant Products and as N.R.C. 


No. 4139. 
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affording 2-O-8-p-glucopyranosyl-glycerol (IV). In this manner, therefore, all 
asymmetric centers originally present in the reducing end-unit of cellobiose 
were eliminated, the compound being converted to a simple glycoside. 

By the same sequence of reactions as those used with cellobiose, maltose 
has now been degraded to give 2-O-a-p-glucopyranosyl-glycerol. The two D- 
glucopyranosyl-glycerols constitute an a, B-anomeric pair of D-glycosides of 
which, by Hudson’s Rules (7), the member having the highest positive rotation 
possesses the a-configuration. Since the glycoside derived from maltose has 
la]p +121°, and from cellobiose [a]p —30° (Table I), the isolation of these 
compounds provides an independent confirmation of the assigned linkage- 
configurations in maltose and cellobiose. Similarly it is possible to determine 
the configuration of other disaccharides containing a non-reducing D-glucopy- 
ranose end-unit which, on degradation, yield one or other of the glycerol- 
glucosides. 

Degradation of lactose by the method described above has furnished 
2-0-8-b-galactopyranosyl-glycerol, [a]p —2°. A different 2-O-p-galactopyra- 
nosyl-glycerol, [a]p +165°, has been isolated from natural sources (8, 9, 15). 
By definition, the latter of this anomeric pair is the a-compound, which 
therefore confirms the configuration of the naturally-occurring product and 
provides an additional proof for the 8-linkage in lactose. As in the related 
D-glucose series, these two D-galactosides constitute a basis for the definitive 
assignment of linkage-configuration in disaccharides containing D-galacto- 
pyranose non-reducing end-units. 

Two mannose-containing disaccharides isolated by fragmentation of poly- 
saccharides proved suitable for preparation of the requisite pair of anomeric 
2-O-D-mannopyranosyl-glycerols. One of these disaccharides was 2-O-p- 
mannopyranosyl-D-mannose, which was obtained after acetolysis of a yeast 
slime polysaccharide produced by Saccharomyces rouxit (3). The compound 
was reduced to the corresponding alcohol, 2-O-p-mannopyranosy1I-D-mannitol 
(3), which was oxidized with 3 moles of lead tetraacetate; the oxidation 
product was then reduced giving 2-O-p-mannopyranosyl-glycerol, [a]p +51°. 
The second mannobiose used was 4-O-D-mannopyranosyl-D-mannose, a 
product of the partial hydrolysis of ivory nut mannan, which was identical 
with the 1,4-compound isolated by Whistler and Stein through degradation 
of guaran (18). After two successions of oxidation and reduction, as already 
described for other 1,4-disaccharides, the mannobiose afforded 2-O-p-manno- 
pyranosy1-glycerol, [a]p —43°. The latter compound is therefore the B-anomer, 
confirming the configuration assigned the 1,4-linkage in the guaran poly- 
saccharide and thereby establishing also the 1,4-8-linkage in ivory nut mannan. 
On the other hand, the first mannosyl-glycerol must be the a-anomer, which 
establishes the configuration of the 1,2-linkage in the yeast mannan. 

The properties of the glycosyl-glycerols are summarized in Table I. Some 
of the compounds have not been obtained as yet in crystalline form but have 
been characterized as the derived crystalline benzoates or p-nitrobenzoates. 
The X-ray diffraction pattern and infrared absorption spectrum of each 
compound were distinctive, which served further to differentiate between 
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anomers. Yields were generally high but in several instances, as when the 
non-reducing end-unit was prone to a relatively rapid oxidative attack, for 
example, with mannosides and galactosides, the compound had to be separated 
from by-products by chromatography on cellulose (6). 

Results presented above show that 1,2- and 1,4-aldohexose disaccharides 
may readily be degraded to furnish one or other of two possible 2-O-glycosyl- 
glycerols, the identity of which determines the configuration of the linkage in 
the original disaccharide. From the known reactions of disaccharides with lead 
tetraacetate (1, 12) and by analogy with the present results, it is clear that the 
current method should be equally suitable for several other classes of 
disaccharides. 








CH,OH CH,OH CH,OH 
0 OH 
4/" n/" 
0. 
HO\ OH H/H 
‘CHO 
H OH 
CHO CH,0H 
H H 
CH,OH CH,OH 
‘ 
(48) (lv) 


EXPERIMENTAL 


Optical rotations were measured at 27° C. Melting points are uncorrected. 
Chromatography was carried out on Whatman No. 1 filter paper using 
n-butanol-ethanol—water (40: 11: 19 v/v) as solvent. Rgs and Ran denote the 
distance moved on a paper chromatogram relative to galactose and mannose 
respectively. Non-reducing sugars were detected on paper chromatograms by 
the ammoniacal silver nitrate spray (10). Solutions were evaporated under 
reduced pressure at 40°C. Infrared absorption spectra were prepared by the 
potassium bromide window technique (16). 


2-0-8-D-Galactopyranosyl-glycerol 

Lactose (3.1 gm.) dissolved in water (8 ml.) was taken up in acetic acid 
(450 ml.), and lead tetraacetate (8.0 gm.; 2.1 molar equivalents) was added to 
the stirred solution. After two hours’ reaction time, oxalic acid (1.4 gm.) in 
acetic acid (14 ml.) was added and stirring was continued for 30 min. The lead 
oxalate was filtered off and the filtrate was concentrated to dryness. The 
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residue, dissolved in water (30 ml.), was deionized with Amberlite IR-120 
and reduced with sodium borohydride (1 gm.). From the reduction 
product, 2-O-8-D-galactopyranosyl-p-erythritol (Rgq 0.75; 1.1 gm.) was crystal- 
lized using aqueous methanol. After two further recrystallizations from the 
same solvent, the product had m.p. 184°—187°C. and [a]p+7° (c, 1.1, water). 
Calculated for CioH20O9: C, 42.25%; H, 7.09%. Found: C, 42.03%; H, 7.12%. 

2-0-8-D-Galactopyranosyl-D-erythritol (0.92 gm.) was oxidized with lead 
tetraacetate (1.5 gm.; 1.05 molar equivalents) in acetic acid (170 ml.) con- 
taining water (3 ml.) for four hours. The mixture was worked up as described 
above and reduced with aqueous sodium borohydride (0.3 gm.). A methanolic 
solution of the reduction product on treatment with ethanol deposited crystals 
of unchanged 2-O-8-p-galactopyranosyl-pD-erythritol (0.18 gm.). The mother 
liquor was concentrated to a sirup (0.69 gm.) which contained 2-0-8-p- 
galactopyranosy]-glycerol, 2-O-8-D-galactopyranosyl-erythritol, and some over- 
oxidation products (detected on a paper chromatogram). Pure 2-0-6-p- 
galactopyranosyl-glycerol (0.33 gm.) was isolated on a cellulose column (6) 
using #-butanol half-saturated with water as the mobile phase. The glycerol 
derivative was crystallized from ethanol—methanol and after recrystallization 
from the same solvent it had m.p. 126-127°C. and [a]p —2° (c, 1.2, water). 
Galactose and glycerol were produced on acid hydrolysis (detected on a paper 
chromatogram). Calculated for CysHis0s: C, 42.52%; H, 7.14%. Found: C, 
42.56%; H, 7.15%. Naturally-occurring 2-O-a-galactopyranosyl-glycerol 
moved at the same rate as the 6-compound on a paper chromatogram (Rgq 1.1) 
but it depressed the melting point markedly. The a- and §-glycerols gave 
different X-ray powder diagrams and different infrared. absorption spectra. 


2-0-a-D-Glucopyranosyl-glycerol 

2-O0-a-D-Glucopyranosyl-pD-erythritol (1.2 gm.), obtained by deacetylation 
(19) of 2-O-a-p-glucopyranosyl-D-erythritol heptaacetate (1), was oxidized 
with lead tetraacetate (1.9 gm.; 1.0 molar equivalents) in acetic acid (300 ml.) 
containing water (5 ml.) for six hours. The product was isolated by the 
procedure described above and was reduced with aqueous sodium borohydride. 
The resultant sirup, which showed an intense spot (Rgw 1.3) and a faint spot 
(Rea 0.9) on a paper chromatogram, was purified on a cellulose column using 
n-butanol half-saturated with water as the mobile phase. The major product 
(0.75 gm.), obtained as a sirup from the column, gave glucose and glycerol on 
acid hydrolysis (detected on a paper chromatogram) and had fa]lp +121° 
(c, 1.0, water). Its infrared absorption spectrum differed from that of 2-O-6-p- 
glucopyranosyl-glycerol. 
2-O0-a-D-Glucopyranosyl-glycerol Hexabenzoate 

Benzoyl chloride (0.4 ml.) dissolved in chloroform (0.4 ml.) was slowly 
added to a mixture of 2-O-a-D-glucopyranosyl-glycerol (0.11 gm.), pyridine 
(0.5 ml.), and chloroform (0.5 ml.) at —10°C. The reaction mixture was kept 
at —10°C. for 18 hr. and then at 0°C. for five hours. Chloroform (20 ml.) 
was then added, and the solution was washed successively with ice-cold dilute 
sulphuric acid, aqueous potassium bicarbonate, and water, and was dried over 
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sodium sulphate. Evaporation of the chloroform left a sirup which crystallized 
slowly from methanol — petroleum ether (b.p. 80—100°C.) (yield 0.28 gm.). 
The material was recrystallized twice from ethanol; m.p. 137°-138°C., [a]p 
+96° (c, 0.9, chloroform). Calculated for Cs:1HeO14: C, 69.69%; H, 4.82%. 
Found: C, 70.12%; H, 4.78%. 


2-0-8-D-Glucopyranosyl-glycerol Hexabenzoate 

Crystalline 2-O-8-p-glucopyranosyl-glycerol (1) (0.062 gm.) was benzoy- 
lated with benzoyl chloride (0.2 ml.) in pyridine (0.25 ml.) and chloroform 
(0.45 ml.) as described for the a-anomer. The hexabenzoate was isolated by 
the above procedure and was crystallized from ethanol (yield 0.13 gm.). 
After recrystallization from ethanol the product had m.p. 145°-146°C. after 
softening at 137°C., [a]p —4° (c, 1.1, chloroform). Calculated for Cs:H420i4: 
C, 69.69%; H, 4.82%. Found: C, 69.68%; H, 4.77%. 


4-0-8B-D- Mannopyranosyl-D-mannose 

The mannan (43 gm.) obtained by the alkali extraction of ivory vegetable 
chips was dissolved in water (400 ml.) containing sodium hydroxide (20 gm.). 
Hydrochloric acid (10 V) (75 ml.) was added, the milky suspension heated at 
80°C. for four hours, the solution neutralized (sodium bicarbonate) and then 
transferred to a charcoal column (17). The column was washed with water 
to remove monosaccharides and then with 2% aqueous ethanol, which eluted 
the disaccharide fraction. The eluate was evaporated to a sirup (1.47 gm.) 
which was deionized (Amberlites IR-120 and IR-4B) in an aqueous solution. 
Crystallization of the sugar took place from n-butanol—methanol—water and 
it was recrystallized from the same solvent (yield 640 mgm.). It had m.p. 
188°-193°C., undepressed on admixture with an authentic specimen, and 
la]lp —6° (c, 1.5, water; equil. value). Calculated for CizH2On: C, 42.10%; 
H, 6.48%. Found: C, 41.97%; H, 6.50%. 


2-0-8-D-Mannopyranosyl-D-erythritol 

The above mannobiose (310 mgm.), dissolved in water (1 ml.), was taken 
up in acetic acid (50 ml.) and lead tetraacetate (800 mgm.; 2.0 molar equiva- 
lents) was added. After 18 hr. reaction time the lead was precipitated by 
addition of oxalic acid in acetic acid. The precipitate was removed by filtration 
and the filtrate was evaporated to dryness. The residue was dissolved in water 
(25 ml.) and added to sodium borohydride (250 mgm.) in water (25 ml.). 
After two hours, excess reagent was destroyed and the product was obtained 
by the usual procedure. The sirupy product (260 mgm.) had [a]p —35° (c, 2.6, 
methanol). 


2-0-8-D-Mannopyranosyl-D-erythritol Hepta-p-nitrobenzoate 

The mannosyl-erythritol (23 mgm.) was heated at 80°C. for 30 min. in 
pyridine (1 ml.) containing p-nitrobenzoyl chloride (160 mgm.). The reaction 
mixture was added to aqueous potassium bicarbonate and after 30 min. 
stirring the precipitate was filtered off. The material was recrystallized twice 
from acetone-ethanol. Yield 45 mgm., m.p. 116°-118°C., [a]p —106° (c, 0.4, 
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acetone). Calculated for Cs53H4,030N7: C, 53.36%; H, 3.11%. Found: C, 53.30%; 
H, 2.91%. 


2-0-8-D-Mannopyranosyl-glycerol 

The mannosyl-erythritol (255 mgm.) was dissolved in an acetic acid — water 
mixture (40 ml.: 0.5 ml.) and lead tetraacetate (400 mgm.; 1.0 molar equiva- 
lent) added. Using conditions similar to those described above, the mannosy]l- 
L-glyceraldehyde was isolated and reduced with aqueous sodium borohydride. 
The reaction product (236 mgm.) on a paper chromatogram gave two spots 
of roughly equal intensity having Rgw 0.9 and 1.2, respectively, the faster 
moving material corresponding to the required glycerol derivative. The latter 
was isolated from the mixture by fractionation on a cellulose column (solvent: 
n-butanol saturated with water). Yield 89 mgm., [a]p —43° (c, 1.4, water). 
Acid hydrolysis of the material gave a mixture of mannose and glycerol 
(detected on a paper chromatogram). 


2-0-8-D-Mannopyranosyl-glycerol Hexa-p-nitrobenzoate 

The glycerol derivative (21 mgm.) was heated for 30 min. at 80°C. in 
pyridine (0.8 ml.) containing p-nitrobenzoyl chloride (136 mgm.). The product 
was isolated as described above and recrystallized twice (acetone—ethanol) 
to m.p. 112°-114°C. (depressed to 105°C. on admixture with the corresponding 
a-isomer). Yield 54 mgm., [a]p —113° (c, 0.9, chloroform). Calculated for 
Cs1H 33OoeNe: ae 53.32%; 7. 3.16%. Found: oa 53.39%; H, 3.13%. 


2-0-a-D-Mannopyranosyl-glycerol 

2-O-a-D-Mannopyranosyl-D-mannitol (0.27 gm.) was oxidized with lead 
tetraacetate (1.01 gm.; 3.0 molar equivalents) in acetic acid (50 ml.) containing 
water (1 ml.). After three hours the solution was treated with oxalic acid in 
acetic acid to remove the lead in solution. The mannosyl-p-glyceraldehyde 
was isolated as described previously and reduced by the usual method with 
aqueous sodium borohydride to 2-O-a-D-mannosyl-glycerol (158 mgm.); [a]p 
+51° (c, 1.5, water). The sirupy product gave a single spot Rman 1.0 on a 
paper chromatogram. The mixture produced by acid hydrolysis of the 
product corresponded on a paper chromatogram to mannose and glycerol. 


2-0-a-D-Mannopyranosyl-glycerol Hexa-p-nitrobenzoate 
2-O-a-D-Mannopyranosyl-glycerol (40 mgm.) was converted to the p- 
nitrobenzoate using the same conditions as for the preparation of the 8-anomer. 
Three recrystallizations from acetone—ethanol gave a product (46 mgm.) with 
m.p. 101°-103°C. and [a]lp -—62° (c, 0.8, chloroform). Calculated for 
CsiH sOxeNe: C, 53.32%; H, 3.16%. Found: C, 53.25%; H, 3.20%. The 
infrared absorption spectrum differed from that of the 8-anomer nitrobenzoate. 
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PREPARATION AND TOXICITY OF SOME ALKYL 
THIOPYROPHOSPHATES! 


By R. A. Mclvor, G. D. McCartuy, AND G. A. GRANT 


ABSTRACT 


Several methods have been investigated for the synthesis of tetraalkyl thio- 
pyrophosphates, including one that can be carried out very rapidly with high 
yield. Purification of these compounds proved exceedingly difficult, because they 
were sensitive to traces of acids or bases, and probably to inorganic salts at tem- 
peratures above 70°C. All methods investigated yield only the thiono isomer, 
there being no evidence for the corresponding P—S—P isomer. Toxicological 
studies do not support the results reported by Fiszer and workers. None of the 
compounds is more toxic intravenously than tetraethyl pyrophosphate. The 
synthesis of several other related compounds for infrared study is reported. 


INTRODUCTION 


This work was undertaken to clarify the structure of the thiopyrophosphates. 
Although these compounds had been reported in the literature previously, it 
was not clear whether they could be obtained in different isomeric forms, or 
which of the possible isomers was obtained by the various synthetic methods. 

Tetraethyl thiopyrophosphate was first reported in 1931 by Arbusov and 
Arbusov (1), who prepared it in 20% yield by the addition of sulphur to diethyl 
(diethyl phosphoryl) phosphite. 


C:H;O O OC:Hs vo, ° OC:Hs 
oe 
P—O—P +-3——> P aes 9 [1] 
C:H;O OC:Hs C:H;O OC;Hs 


It has since been prepared by Schrader (34), Hall (18), Kosolapoff (26), and 
by Fiszer et al. (14) in 30 to 70% yields by reacting sodium diethyl phosphoro- 
thioate with diethyl phosphorochloridate. 


C:H;,O S OC:Hs ees , _f 
P—ONa + CI—P —> P—O—P + NaCl [2] 
b ff % 
C:H;O OC:H; C:Hs OC:Hs 


Harman and Stiles (19) prepared this compound by adding a sulphur chloride 
to diethyl hydrogen phosphonate in the presence of pyridine. 


C:H;,O S C:H;,O S O OCH; 
pyridine T T 
2 P—H + S.Cl ———> Ppt: +S + 2HCl (3] 
C:H;O C:H;O OC;Hs 


1Manuscript received August 14, 1956. 

Contribution from the Defence Research Chemical Laboratories, Ottawa, Ont. Issued as 
D.R.C.L. Report No. 201A. Presented in part at the 24th ACFAS Conference, Montreal, Nov. 
8, 1956. 
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Another method used by Fiszer et al. (14) was the addition of H,S to diethyl 
’ phosphorochloridate: 


C:H,0 O C:H,O O OC:Hs 
NI / 

2 P—Cl + H:S ——> P—O 
; / oh 


C:H,O C:H,O OC:Hs 


S 
a + 2HCl. [4] 


Finally, Arbusov et al. (2) recently reported the preparation of this compound 
in good yield as follows: 


C:H,0 S$ O OGHs C:H;O S$ O OCHs 
NI T/ R:N NI Tt 
P—OH + CI—P <at> oe. + R:N.HCI. [5] 
C:H,O OC:Hs C:H,O OC:Hs 
RESULTS 


One or more members of this series have been prepared by methods [3], [4], 
and [5] mentioned in the introduction, and the following previously unreported 
methods have been investigated. For all methods, small amounts of impurities, 


RO S O OR RO S$ O OR 
Nt TZ NI Fl 
P—Cl + NaO—P <ooml eee + NaCl (6) 
RO OR RO OR 


RO S O OR 


RO S 
\t ‘>: <s» aS eo 
2 P—OH +<¢ S N=C=N s >= P—O—P 
< aed ff \ 
R OR 


RO 
Se 
Ss 


or slight changes of reaction conditions, produce large variations in yields, 
especially if conventional distillation is attempted. 

Method [3] was used for the ethyl compound only. The product decomposed 
on distillation. 

Method [4] gave occasional good results with the ethyl and n-propyl com- 
pounds, giving approximately 50% yields after distillation. On other occasions, 
the product completely decomposed on distillation. At no time was a reason- 
ably satisfactory crude product isolated. 

Method [5] proved to be the easiest to carry out, and gave crude products 
of 90 to 95% purity, which could not be distilled directly. The crude yields 
were as high as 80% based on phosphorus trichloride. It was successful for all 
tetraalkyl thiopyrophosphates tried. The chief by-product is the OOS-trialkyl 
phosphorothioate. 


[7] 











McIVOR ET AL.: ALKYL THIOPYROPHOSPHATES 1821 


Method [6] gave yields up to 70% of tetraethyl thiopyrophosphate but the 
starting materials were more difficult to obtain. Considerable effort was re- 
quired to find the appropriate conditions for this reaction, which is best 
carried out without solvent, although a trace of tertiary base is essential. This 
method also gives tetraethyl pyrophosphate and tetraethyl dithionopyro- 
phosphate as by-products in quite appreciable yield, and gave poor results 
with other alkyl groups. 

Method [7] gave a mixture of products when heated. At room temperature 
no reaction took place. 

Attempts to synthesize tetraethyl thiopyrophosphate by heating diethyl 
phosphorothiocyanidate (33) with sodium diethyl phosphite failed. Triethyl 
phosphate and sodium thiocyanate were the products identified. Also un- 
successful was the attempted synthesis by heating diethyl hydrogen phosphate 
with triethyl phosphorothionate. In this case, the phosphorothionate distilled 
unchanged, and at higher temperatures the diethyl hydrogen phosphate 
pyrolyzed, producing triethyl phosphate. 

It has been found that traces of acid (from hydrolysis) or salts, such as 
triethylamine hydrochloride, or triethylamine salts of the hydrolysis acids, all 
induce decomposition of the thiopyrophosphates at temperatures above 80° C. 
The chief reactions taking place seem to be those of disproportionation and 
salt catalyzed dealkylation (39). 

RO ; O OR 


\ tf 
P—O—P + 2RX 
MO OM 
= 
RO O 


Nt 

) BOR + (ROPOS)= 
© OR sais RO 
P 


ae 
“a \ RO S 
RO OR nt neat \1 
F iia, + (ROPO:)x 
RO 
RO O 
NI 
P—SR + (ROPO:)x 
RO 


It has been found that when traces of salt are present, a disproportionation 
reaction occurs on the heating of dialkyl phosphorothioic acids. The yield of 
the products is about 25%, so other reactions probably occur: 
S RO O RO S 

R;NH*+ VS ~~ 

i * Se 

RO SR o oO 
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Traces of salts were almost impossible to remove by filtration or washing, 
either because of postprecipitation due to incomplete reaction, or by solution 
with dissociation. Sodium chloride presented the least difficulty in this respect, 
but was formed in such a finely divided state that filtration was difficult and 
prolonged, offering an opportunity for hydrolysis. It was eventually found 
possible to remove salts and acids by passing the material in chloroform solution 
through a short alumina column. When elution was complete, the compound 
was stripped of lower boiling materials and distilled at 0.5 to 1 mm. pressure 
with only slight decomposition. The crude material could usually be partially 
purified by distillation on a falling-film evaporator. Decomposition was slight, 
but no separation from phosphorus triesters was achieved. 

Paper chromatography was used to assess the purity of thiopyrophosphates. 
Also by the method used, approximately 1 gram of sample can be separated 
into its components. Most samples, depending on methods of preparation, 
resolve into several spots, ranging in number from two to seven. These spots 
correspond to the two hydrolysis acids, tetraalkyl pyrophosphate, tetraalkyl 
monothionopyrophosphate, tetraalkyl dithionopyrophosphate, and various 
trialkyl phosphates and phosphorothioates. Samples stored for several months 
showed appreciable decomposition. The paper chromatographic technique 
will be described elsewhere (11). 

Infrared spectra have conclusively shown that the thiono isomer is obtained 
from all methods investigated, and no evidence for a P—S—P isomer has 
been obtained, even as a transient intermediate, whenever there is a possibility 
of forming a thiono isomer. These studies have been reported separately (28). 
The chief points of evidence are: 


1. All preparations have a strong P -O band near 7.75 w (1290 cm.—'), 
the position calculated for the thiono isomer by the method of Bell e¢ al. (7), 
rather than near 7.85 w (1275 cm.—') as would be expected for the P—S—P 
isomer and trialkyl phosphorothiolates. 


2. All preparations have a P—O—P band near 10.5 u (950 cm.~?). 


3. All of these compounds have a band between 12 and 13 uw (770-835 cm.) 
attributed to P—S. 


4. None of these compounds has a band beyond 18 uw (555 cm.—!) in the 
position expected for a P—S—P linkage. Crude products occasionally have 
bands in the 16-18 yu (555-625 cm.—') region at the same wavelength as those 
in authentic samples of the corresponding trialkyl phosphorothiolates. The 
intensities of these bands can be directly correlated with the intensities of 
weak P — O bands in the 7.85 uw (1275 cm.—') region, and these bands become 
less intense as purer samples are obtained. 

The toxicity studies of the best samples of these compounds are reported in 
Table I, compared with those reported by Fiszer et al. (14). 

A number of other related compounds were prepared for infrared studies. 
Most were prepared by conventional methods. 











in 
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TABLE I 


TOXICITIES 
RO O S OR’ 


NT Cl 
P—O—P 


‘ 
RO OR’ 








LDso in mgm./kgm. 








Mice Mice Mice Mice and rats 

R R’ intraperitoneally intramuscularly intravenously intramuscularly (14) 
CH; CH; ca. 1.4 0.25 
CH; C:Hs ca. 1.0 
C:.Hs CH; a. 13 1.0 
C:H; C:Hs 0.94 0.5 0.3 0.055 
n-C3H; n-C;H7 7.93 4.41 3.25 
i-C3H7 1-C3H7 ca. 25 50 
n-CyHy n-CyHo ca. 60 0.25 





Tetraethyl pyrophosphate, tetrapropyl pyrophosphate, and tetraethyl 
dithionopyrophosphate were prepared by the method of Toy (37). Diethyl 
and dimethyl hydrogen phosphonothioates and OOS-trimethyl phosphoro- 
dithioate were obtained as described by Kabachnik and Mastryukova (21). 
Dialkyl phosphorodithionic acids and most dialkyl phosphorochloridothionates 
were prepared as described by Kabachnik and Mastryukova (22), Fletcher 
et al. (16), and Bacon and LeSuer (6). SS-Bis(diethyl phosphorothionyl)- 
O-ethyl phosphorotrithioate was obtained as a by-product of this reaction. 
Dialkyl phosphorochloridothionates were also prepared by three other methods 
(8, 15, 32), the first of which was also used for alkyl phosphorodichlorido- 
thionates. Attempts to convert triethyl phosphorothionate to diethyl phos- 
phorochloridothionate with phosgene, thionyl, and sulphury] chlorides failed. 

Dialkyl hydrogen phosphonates, and dialkyl phosphorochloridates were 
prepared according to the procedure of Fiszer and Michalski (13), while the 
corresponding phosphorothioic acids were obtained by the addition of sulphur 
to the hydrogen phosphonate (2). : 

It was found that much better yields, and almost as pure products, 
could be obtained if the dialkyl hydrogen phosphonates and dialkyl phos- 
phorochloridates were not distilled. 

Sodium diethyl phosphate and sodium dimethyl phosphate were prepared 
by the partial alkaline hydrolysis of the trialkyl phosphates. The higher homo- 
logues were prepared by neutralization of the appropriate dialkyl phosphoric 
acid, obtained by aqueous hydrolysis of the corresponding dialkyl phosphoro- 
chloridates. 

SSS-Triethyl phosphorotrithioate and triethyl phosphorotetrathioate were 
synthesized by the addition of phosphoryl trichloride and phosphorothionyl 
trichloride to a solution of sodium ethyl mercaptide. It was noted that at 
120-130° C., triethyl phosphorotetrathioate decomposes to triethyl phosphoro- 
trithioite and sulphur, a reverse of the usual addition reaction of sulphur to 
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phosphites at these temperatures. This side reaction makes it difficult to obtain 
a pure sample of triethyl phosphorotetrathioate. 


(C2HsS)3P(S) ————> (C:HS):sP + S 


OOS-Triethyl phosphorothioate was obtained in low yields by the dispro- 
portionation of diethyl phosphorothioic acid, and by refluxing triethyl phos- 
phorothionate with ethyl iodide. 

Dialkyl alkylphosphonates were made by the Arbusov rearrangement of 
trialkyl phosphites with the appropriate iodide (25). Methyl- and ethyl- 
phosphony] dichloride were obtained as described by Kinnear and Perren (24). 

Di-isopropyl methylphosphonothionate can be made by the procedure of 
Kabachnik et al. (23). In our hands, the thiono isomer was the sole product, 


mm CH; OR OR] $ OR 
P—SNa + CH;] ———> a ——> Nal + CH;—P 
RO I SNa OR 


so it is improbable that any splitting of RI occurred (as in the Arbusov re- 
action), followed by readdition to the resulting sodium salt, since if this 
occurred, the thiolo isomer would be present. 

Methylphosphonothiony] dichloride was obtained by the method described 
by Kinnear and Perren (24) or by the addition of sulphur to methylphos- 
phonous dichloride (3, 17, 31, 35). 

Bis(isopropy! methylphosphonothionyl) methylphosphonothionate was ob- 
tained during an attempt to make di-isopropyl dimethyldithionopyrophos- 
phonate by an adaptation of the procedure of Toy (37). Because of incomplete 
fractionation of the starting material from methylphosphonothiony] dichloride, 
the product actually obtained was 


a 
ee . 
CHs CH; CH; 


Attempts to produce compounds with authentic P—S—P structures by 
the following reactions failed. 


(C2:H;O)2PSSH + DCC* ——> (C:2H;0)2P(S)—S—P(S) (OC:Hs):. 
(C2H;O)2P(S)SNa + (C2HsO)2P(S)Cl ——> (C:H;0)2P(S)—S—P(S)(OC:Hs)2 + NaCl. 
(C:HsO)2P(S)SNa + (C2Hs0)2P(0)Cl ——> (C:HsO)2P(S)—S—P(O)(OC:Hs)2 + NaCl. 


In all cases there were indications that the crude reaction mixture contained 
the required product. The compounds decomposed completely when distilled 
on the falling-film evaporator, although crude thionopyrophosphates could be 
successfully distilled by this technique. The distilled product was almost pure 


*DCC = Dicyclohexylcarbodiimide. 
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OOS-triethyl phosphorodithioate. The constituents of the undistillable residue 


were not investigated further, but there was no infrared evidence for a P—S—P 
bond. 


EXPERIMENTAL 


Sodium analyses were carried out using a Beckman DU Spectrophotometer 
with flame attachment. 


Dialkyl Hydrogen Phosphonates and Dialkylphosphorochloridates 

The appropriate alcohol (1.5 mole) was mixed with dry benzene (150 ml.) 
and chilled to 5° C. Phosphorus trichloride (0.5 mole) in an equal volume of 
benzene was added dropwise with the temperature being kept below 10° C. 
The hydrogen chloride, alkyl chloride, and benzene were distilled off at room 
temperature if it was desired to isolate the hydrogen phosphonate, otherwise 
sulphuryl] chloride (0.5 mole) in an equal volume of benzene was immediately 
added to the reaction mixture, the temperature being maintained below 10° C. 
Gases and solvents were then stripped off at room temperature, and the 
residual product used directly. The refractive indices cited in Table I] were 
obtained on this crude product. 




















TABLE II 
(RO)2P(O)X 
X =H xX =Cl 
R Yield, % 7 n20 Lit.* Yield, % - n2s n2s Lit. (13) 

CH; 87 1.4018 1.4036 (5) 100 1.4107 1.4107 
C.Hs 83 1.4112 1.4080 (5) 95 1.4160 1.4162 
n-C3H7 93 1.4155 1.4163 (25) (29) 96 1.4159 1.4159 
4-C3H7 87 1.4082 1.4070 (25) (29) 100 1.4256 1.4236 
n-C4Hy 86 1.4213 1.4230 (25) (29) 94 1.4291 1.4289 





*Only one value is cited for each compound, but other values summarized by aa ial (25) 
show considerable variation for the same compound ( from 0.002 to 0.007). 


Diethyl Phosphorothioic Acid and OOS-Triethyl Phosphorothioate 


Diethyl hydrogen phosphate (0.5 mole) was dissolved in dry ether (120 ml.) 
and mixed with sulphur (0.5 mole). Triethylamine (0.5 mole) dissolved in an 
equal volume of dry ether was added dropwise. After the addition was com- 
plete, the reaction mixture was heated until all of the sulphur was dissolved. 
It was then filtered and treated with an excess of concentrated hydrochloric 
acid. The ether layer was separated, and the aqueous layer extracted with 
ether. The combined extracts were evaporated, yielding 85.9 gm. of crude 
material (100%) ; n3° 1.4678; 12° 1.4682 (36). Some of this was distilled from a 
Spath bulb in an air bath at pressures ranging from 6 to 60 yu. The distilled 
material showed a new band appearing in the potassium bromide region of 
the infrared spectrum, and the spectrum also indicated some loss of sulphur. 

Another preparation (107 gm.) of this compound was distilled at tempera- 
tures ranging from 80° to 120° C. at varying pressures. The distillate (29.5 gm.) 
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proved to be OOS-triethyl phosphorothioate. Further distillation was not 
possible owing to excessive decomposition. The residue was taken up in water, 
extracted with ether to remove neutral and extractable acidic products, and 
the aqueous layer concentrated. An oil was obtained which showed the same 
infrared spectrum as a sample of C2.H,;O—P(S)(OH). obtained by hydrolysis 
of C.H;O—P(S)Cle. 


The OOS-triethyl phosphorothioate was refractionated with a Podbielniak 
whirling band column; b.p. (4.5 mm.) 81.5° C.; 23° 1.4560. Lit. b.p. (1 mm.) 
75° C.; n?§ 1.4552 (20). OOS-Triethyl phosphorothioate was also prepared in 
62% yield by refluxing triethyl phosphorothionate (19.5 gm.) with an equal 
weight of ethyl iodide for 24 hr. Fractionation with a Widmer column yielded 
ethyl iodide, unchanged triethyl phosphorothionate and OOS-triethyl phos- 
phorothioate; b.p. (5 mm.) 83° C.; 12° 1.4553. This latter method of isomer- 
ization seems to be a general reaction of phosphorothioates. 


Dialkyl Phosphorochloridothionates and Alkyl Phosphorodichloridothionates 

Ethanol (48.2 gm.) was added slowly to phosphorothiony] trichloride (169.4 
gm.) at 10° C. Stirring was continued for five hours during which period the 
temperature was raised slowly to 47° C. The resulting crude C.Hs;O—P(S)Cl. 
was treated with sodium hydroxide (40 gm.) in ethanol (320 ml.) while the 
temperature was maintained at 15° C. The reaction mixture was cooled over- 
night, filtered from sodium chloride, concentrated im vacuo, and distilled. 
Yield 50 gm. (38%); b.p. (1.5 mm.) 58° C.; 22° 1.4725. Lit. b.p. (3 mm.) 62° C.; 
n?§ 1.4684 (15). This product contained considerable ethyl phosphorodichlori- 
dothionate. 

This method was also used for preparing the dimethyl analogue. Ethyl 
phosphorodichloridothionate and methyl phosphorodichloridothionate were 
made in a similar fashion, using 200 ml. of petroleum ether or benzene as a 
solvent and bubbling a stream of nitrogen through the reaction mixture to 
sweep out hydrogen chloride. The methyl phosphorodichloridothionate was 
particularly difficult to free from phosphorothiony! trichloride. 

CH;OPSCl.: Yield 70%; b.p. (11 mm.) 45° C. ; n25 1.5124. Lit. b.p. (40 mm.) 
70° C. (30). Found: C, 6.92, 7.46; H, 1.78, 1.84. Calculated: C, 7.28; H, 1.83. 
CoHsOPSCl.: Yield 59%; b.p. (14 mm.) 57-59°C.; 35 1.5026. Lit. b.p. 
(20 mm.) 68°C. (30), 52°C. (9). Found: C, 13.58; H, 3.02. Calculated: C, 
13.42; H, 2.82. 

This method is not as easy to apply to higher alcohols, because of the 
relative insolubility of sodium and potassium hydroxides in these alcohols. 


Dialkyl Phosphorodithiouw Acids 


These compounds were prepared in the manner described by Fletcher 
et al. (16). After the alcohol addition, the benzene was removed, and the crude 
material added to sodium carbonate solution (85 gm. in 1200 ml. water) at 
room temperature in ; nitrogen atmosphere. The solution was extracted with 
ether, and the ether extract dried and concentrated. This yielded on fraction- 
ation (where R=E1. OOS-triethyl phosphorodithioate (also obtained as de- 
scribed below ane SS-tus diethyl phosphorothionyl)-O-ethyl phosphoro- 











McIVOR ET AL.: ALKYL THIOPYROPHOSPHATES : 1827 


thionate (I), m.p. 47° C. (from petroleum ether). Found: C, 24.64, 24.70; H, 
5.37, 5.32. Calc. for CioHo5P3S;05: : 25.10; fm. 5.27. 


CHO S S S$ OGHs 
a T v4 
P—S—P—S—P 
/ | \ 
C:H.O OC:Hs  OC:Hs 


I 


The aqueous fraction was acidified, extracted with ether, and the extracts 


- were dried and concentrated. The residue was distilled under reduced pressure. 











Compound Yield, % B.p. Np Lit. 22° (22) 
(CH;0)2PSSH 80 (crude) 70.5° C. 1.5328 (25°) 1.5343 
(5 mm.) 
32 (pure) 1.5346 (20°) 
(C:H;0)2PSSH 53 65° C. 1.5096 (25°) 1.5076 
(0.75 mm.) 





Sodium Dialkyl Phosphates 


(1) The appropriate trialkyl phosphate (12) (1 mole) was mixed with sodium 
hydroxide (1 mole) in 80% EtOH (500 ml.) and allowed to stand three to four 
hours. The alcohol and water were removed in vacuo, benzene (150 ml.) was 
added, and the suspension was evaporated to dryness. The salt so obtained 
was washed with ether and stored in a desiccator. Yields were quantitative. 

(CH;0)2POONa.—Found: Na, 15.7. Calc. for C2HgPO.Na: Na, 15.52. 

(C2H;O)2POONa.—Found: Na, 13.0. Calc. for C4HipPO,.Na: Na, 13.06. 


(2) The appropriate dialkyl phosphorochloridate was hydrolyzed in hot 
water until all had dissolved. It was then allowed to stand for an additional 
two hours. The aqueous solution was concentrated until no odor of hydrogen 
chloride remained, the residue brought to pH 9 with 0.1 N sodium hydroxide, 
and the resulting solution evaporated to dryness. Benzene was then added, 
the suspension re-evaporated to dryness, the salt washed with ether, and 
stored in a desiccator. Products obtained in this way were very hygroscopic 
and tended to have high sodium analyses, probably due to sodium chloride. 
The n-propyl, isopropyl, and n-butyl salts were prepared by this method. 
Diethyl hydrogen phosphate was prepared as described above omitting the 
neutralization step. 

(n-C3H;O)2 POONa.—Found: Na, 11.51. Calc. for CsHi4PO,Na: Na, 11.3. 

(i-C3H;O)2 POONa.—Found: Na, 11.97. Calc. for CsHi4PO.Na: Na, 11.3. 

(n-C4H,O)2 POONa.—Found: Na, 10.59. Calc. for CsHisPO,.Na: Na, 9.93. 


Diethyl Phosphorothiocyanidate 
Diethyl phosphorochloridate (21 gm.) was dripped into a stirred solution 
of potassium thiocyanate (11.8 gm.) in methylethylketone (80 ml.). The 


solution gradually turned red, and a precipitate of potassium chloride de- 
veloped. The mixture was allowed to stand overnight and was filtered through 
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sintered glass. It was then distilled at reduced pressure, b.p. (0.6 mm.) 77° C. 
Yield 9.1 gm. (42%); LDso0 (mice, intraperitoneal (IP)) ca. 4 mgm./kgm.; 
Amax 245 mu, perhaps by decomposition sincé €max increases rapidly with time. 
Lit. b.p. (0.5 mm.) 76-78° C. (38). 


Tetraalkyl Monothionopyrophosphates 

(1) A well-stirred solution of diethyl hydrogen phosphonate (40 gm., 
0.29 mole) in pyridine (23 gm., 0.25 mole) was cooled to 0° C., and sulphur 
monochloride (19.6 gm., 0.145 mole) was added over a period of three hours, 
while the temperature was maintained below 5° C. It was necessary to add an 
additional 30 ml. of pyridine to keep the reaction mixture fluid. The mixture 
was refrigerated overnight, filtered, and concentrated under reduced pressure. 
Pyridine hydrochloride separated during the distillation, and although the 
crude material was highly toxic, the distillation products (b.p. (1 mm.) 85- 
90° C., total 22 gm.) were practically non-toxic. Refractive indices (2°) of 
fractions ranged from 1.4422 to 1.4525 [(C:H;O)3:PS, mz? 1.4480 (4), 
(C2Hs0)2POSC2Hs, m?° 1.4552 (20)] and the spectra suggested mixtures of 
(C2H;0)2POS(C2Hs) and (C2H;O)3PS. 


(2) Dry pyridine (45 ml.) was placed in a flask equipped with stirrer, 
dropping funnel, and calcium chloride and gas inlet tubes. Diethyl phosphoro- 
chloridate (25 gm.) was added dropwise while the temperature was maintained 
below 15° C. Hydrogen sulphide was then bubbled in for 90 min. The mixture 
was then filtered from pyridine hydrochloride and the precipitate washed twice 
with benzene (50 ml.). The filtrate was evaporated to dryness, redissolved in 
benzene (75 ml.), and the solution successively washed with 2% hydrochloric 
acid, water, 5% sodium bicarbonate, and water (20 ml. of each). The benzene 
solution was dried with sodium sulphate and the benzene removed at reduced 
pressure. The residue was then distilled, b.p. (0.8 mm.) 129-134° C. Found: 
C, 30.97, 31.36; H, 7.00, 7.19. Calc. for CsH2oP20¢S: C, 31.37; H, 6.58. 

A similar procedure gave tetrapropyl monothionopyrophosphate as a very 
pale yellow liquid, b.p. (0.045 mm.) 125-127° C. Yield 60%. Found: C, 40.13, 
40.46; H, 7.78, 8.11; P, 17.73, 17.34. Calc. for CizH2sO6P2S: C, 39.76; H, 7.79; 
P, 17.10. 

This procedure failed for tetramethyl monothionopyrophosphate. When 
distillation was attempted, either with or without the washing procedure, it 
gave irreproducible results for all other ester groups. 


(3) The appropriate dialkyl hydrogen phosphonate (0.25 mole) was dis- 
solved in anhydrous ether (90 ml.) and mixed with sulphur (8.0 gm., 0.25 mole). 
Triethylamine (20.3 gm., 0.25 mole) dissolved in ether (30 ml.) was then 
added dropwise at such a rate as to maintain the ether at reflux. After all the 
sulphur was dissolved, the appropriate dialkyl phosphorochloridate (0.25 mole) 
was added dropwise The mixture was filtered from triethylamine hydro- 
chloride, and the ether removed in vacuo. The residue was used as such, or 
purified either by paper chromatography (11) or by passing a chloroform 
solution of the compound through a short alumina column employing five to 
seven times more alumina than compound. It was then eluted with chloroform. 
The recovered material was further purified by conventional distillation, or 
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distillation using a falling-film evaporator. Crude yields were excellent, but 
compounds containing methyl groups resisted all purification attempts. The 
results are listed in Table III. 











TABLE III 
RO §S O OR’ 
NI Fg 
P—O—P 
4 
RO OR’ 

R R’ Yield (crude), % a n2s Lit. (14) 
CH; CH; 85 1.4540 1.4519 
CH; CH; 66 1.4439 1.4499 
C:Hs CH; 7 1.4513 
C:Hs C:Hs 100 1.4479 1.4490 
n-C3H7 n-C3H7 94 (from PCI;) 1.4399 1.4363 
4-C3H7 4-C3H;7 72 (from PCl;) 1.4370 1.4370 
n-C4Ho» n-CyHy 91 1.4522 1.4517 





(4) Sodium diethyl phosphate (8.8 gm.) was added to diethyl phosphoro- 
chloridothionate (9.42 gm.), followed by pyridine (five drops). The reaction 
mixture was then stirred magnetically for 17.5 hr. During this time the original 
gelatinous suspension gradually gave way to a fluid suspension of sodium 
chloride. The sodium chloride precipitate was filtered off, and the residual 
liquid distilled rapidly in a Spath bulb, the temperature being kept below 
75° C. The initial fraction was mainly unreacted phosphorochloridothionate, 
but when the pressure was lowered to 7u, the thiopyrophosphate distilled. 
Yield 7.8 gm. (80%); LDso ca. 1 mgm./kgm. (mice, IP). Found: C, 31.52, 
31.56; H, 6.71, 6.98; 12° 1.4491. Calc. for CsH20OsP2S: C, 31.37; H, 6.58. 
Lit. 2° 1.4490 (14). 

A paper chromatographic analysis, however, separated this into tetraethyl 
pyrophosphate (25%), tetraethyl monothionopyrophosphate (62%), and 
tetraethyl dithionopyrophosphate (13%). 

Tetraethyl monothionopyrophosphate.—Found: C, 31.55; H, 6.65; 2° 
1.4483. Calc. for CsH20O¢P2S: C, 31.37; H, 6.58. Lit. 2° 1.4490 (14). 

Tetraethyl dithionopyrophosphate.—Found: C, 30.20; H, 6.28; 12° 1.4758. 
Calc. for CsH205P2S2: ik 29.81; H, 6.25. Lat. n2s 1.4760 (38). 

Although the preparation of all other members of the series was investigated 
by this method, only the ethyl compound gave satisfactory results. The pro- 
portion of dithiono compound produced was greater for the larger alkyl groups 
owing to the increased hygroscopicity of the corresponding salts, and the 
difficulty of completely removing water during the preparation. 


(5) Dicyclohexylcarbodiimide (658 mgm.) was dissolved in anhydrous ether 
(20 ml.) and diethyl phosphorothioic acid (1.070 gm.) added. There was no 
visible reaction. The mixture was allowed to remain 72 hr. at room temperature, 
the ether was then concentrated to a small volume, and petroleum ether 
added to induce crystallization. Dicyclohexyl thiourea (402 mgm.) separated. 
Repetition of the crystallization process yielded an additional 481 mgm. of the 
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thiourea. The filtrates were evaporated , giving two fractions; the first (possibly 
overheated) was non-toxic, with n?° 1.4910. The second had an LD (mice, 
IP) of ca. 1.8 mgm./kgm. and n?° 1.4492. Found: C, 30.17, 30.17; H, 7.02, 6.65. 
Calc. for CsH2O¢P2S: C, 31.37; H, 6.55. The analysis, infrared spectrum, and 
refractive index indicate that the latter product contains probably 50% tetra- 
ethyl monothionopyrophosphate with some OOS-triethyl phosphorothioate 
and some unchanged diethyl phosphorothioic acid. This experiment was re- 
peated using larger quantities but there was no apparent reaction in three 
months at room temperature. 


Dialkyl Hydrogen Phosphonothioates and OOS-Trimethyl Phosphorodithioate 

P,S; (0.5 mole) was added gradually to the appropriate alcohol (6 mole) 
with heating. The reaction was refluxed for 24 hr., filtered from sulphur, and 
excess alcohol removed im vacuo. The products were then fractionally distilled 
with a Widmer column, and small portions were further fractionated with a 
Podbielniak whirling band column. Methanol yielded (CH;0).P(S)H (0.24 
mole); b.p. (10 mm.) 24.3° C.; 2° 1.4772. Lit. m2? 1.4768 (21). (CH;0O):- 
P(S)SCH; (0.86 mole) was also obtained; b.p. (5 mm.) 64° C.; ?® 1.5244. 
Lit. 2° 1.5292 (21). Found: C, 20.93, 21.27; H, 5.60, 5.74. Calc. for CsH»PO.S:: 
C, 20.92; H, 5.27. 

Ethanol yielded (C2H;O)2P(S)H (0.29 mole) ; b.p. (5 mm.) 49.2°C. ; 225 1.4589. 
Lit. 2° 1.4597 (21). 

OOS-Trimethyl phosphorodithioate was also produced by the reaction of 
methanol with P,Syo. 


SSS-Triethyl Phosphorotrithioate and Triethyl Phosphorotetrathioate 

Sodium metal (6.9 gm., 0.3 mole) was powdered in hot toluene (75 ml.) and 
ethyl mercaptan (18.6 gm., 0.3 mole) added. The mixture was heated until all 
the sodium had reacted, a slight excess of mercaptan being added if necessary. 
The mixture was cooled and phosphoryl trichloride (15.35 gm., 0.1 mole) 
added slowly, followed by heating to 50° C. for 30 min. The resultant sus- 
pension was washed thrice with water and the toluene layer dried and evapo- 
rated. The residue was distilled in a falling-film evaporator, and a small portion 
purified by fractionation in the Podbielniak still. Yield 17.5 gm. (75%); b.p. 
(3 mm.) 124.5° C.; 13° 1.5664. Found: C, 31.19; H, 6.95. Calc. for CsHisPOSs: 
C, 31.28; H, 6.56. 

Similarly, using phosphorothiony] trichloride (16.95 gm., 0.1 mole), triethyl 
phosphorotetrathioate (14.9 gm.,61%) was obtained ; 2° 1.6083. Lit. 72° 1.6201 
(10). Analysis of this material gave C, 30.15; H, 6.42. Calc. for CsHisPSu: 
C, 29.25; H, 6.14. Distillation in the Podbielniak gave(C:2H;S);3P (identified 
by infrared spectrum, qualitative tests, and 3° = 1.5670). Lit. n> 1.5689 (27). 
A residue of sulphur remained in the flask. 


Di(Isopropyl Methylphosphonothionyl) Methylphosphonothioate 

Isopropyl methylphosphonochloridothionate containing some methyl- 
phosphonothiony] dichloride (17.1 gm.) was dissolved in benzene (25 ml.). To 
this a mixture of pyridine (30 ml.) and water (1.2 ml.) was added dropwise 
with stirring. A heavy precipitate of pyridine hydrochloride formed. The 
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mixture was cooled in ice, filtered, recooled, and refiltered. The solvents were 
stripped off. The residue was redissolved in benzene (50 ml.) and washed twice 
with water (25 ml.). The benzene fraction was concentrated and vacuum- 
distilled. Yield 2.4 gm.; b.p. (1 mm.) 170° C.; 2° 1.5244. Found: C, 27.02, 
27.11; H, 6.07, 5.86; P, 23.99, 24.08%. Calculated for CsH2;0,;P3S;: C, 28.11; 
H, 6.03; P, 24.17. 


Attempts to Produce a P—S—P Compound 


(1) Dicyclohexylcarbodiimide (459 mgm.) was dissolved in anhydrous ether 
(10 ml.) and diethyl phosphorodithioic acid (890 mgm.) was added. A slight 
increase in temperature was noted. The ether was evaporated and the residue 
triturated with petroleum ether yielding amorphous dicyclohexy] thiourea (352 
mgm.). Recrystallization from alcohol gave the pure thiourea; m.p. 181°C. 
(Kofler Block). Evaporation of the petroleum ether gave a pale yellow oil (598 
mgm., 75%); m2§ = 1.5142. Infrared and elemental analyses indicated that 
this was probably a mixture of unchanged starting material and P—S-—P 
compound. 

(2) Diethylphosphorodithioic acid (9.3 gm.) in chloroform (20 ml.) with 
triethylamine (5 gm.) was treated with diethyl phosphorochloridothionate 
(9.4 gm.). The reaction mixture was refluxed for six hours, but no precipitation 
was noted. Evaporation of the chloroform gave a slurry which was filtered. 
The crude material appeared to contain some P—S—P compound (infrared 
spectrum) but when distilled using a falling-film evaporator, yielded only 
OOS-triethyl phosphorodithioate. A portion of this was fractionated in the 
Podbielniak yielding (C2H;O)2P(S)SC2Hs5; b.p. (4.5 mm.) 87° C.; 125 1.5024. 
Lit. n2° 1.5013 (21). 

Repetition of the above experiment using diethyl phosphorochloridate in 
place of the thiono compound gave the same results. (C2H;O).P(S)SC.H;5 
was isolated and purified as above. 


RESUME 

Nous avons étudié plusieurs méthodes pour la synthése des esters de l’acide 
thiopyrophosphorique. Une de ces méthodes est trés rapide et donne de trés 
bons rendements. La purification de ces composés est trés difficile, car ils sont 
instables en présence de faibles quantités d’acide ou d’alcali, et méme de sels 
inorganiques 4 des températures plus élevées que 70° C. Toutes les méthodes 
étudiées donnent exclusivement l'isomére thiono, et nulle trace de l'isomére 
au groupement P—S—P a été identifiée. Les données toxicologiques ne 
confirment pas les résultats de Fiszer et al., car aucun de ces composés fut plus 
toxique en injection intraveineuse que le pyrophosphate tétraéthylique. La 
synthése de quelques autres composés pour l’étude de spectres infrarouges est 
aussi décrite. 
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INFRARED SPECTRUM OF SOLID SULPHUR DIOXIDE 
By Pau. A. GIGUERE AND M. FALk! 


In connection with a spectroscopic study of the molecular nature of sul- 
phurous acid we needed data on the absorption of solid sulphur dioxide in the 
infrared. As it could not be found in the literature* we have measured this 
spectrum at liquid air temperature over the range 2-25 y. The samples were 
prepared by condensing small amounts of the gas from a commercial cylinder, 
without further purification, onto a sodium chloride or silver chloride plate 
mounted in a conventional low temperature cell. Clear, non-scattering films 
were thus obtained with thickness estimated of the order of 1 to 10 microns; 
the thicker films appeared translucent. The spectra were recorded with a 
Perkin-Elmer instrument, Model 12-C, using alternately prisms of LiF, NaCl, 
KBr, or CsBr. 


TABLE I 


FREQUENCIES OF INFRARED ABSORPTION BANDS IN SOLID SULPHUR 
DIOXIDE AT —180° C. 








Solid-gas Band 








Gas,* Liquid,f Solid, shift, width, Assignment 
cm. cm. * cm.~! cm.7? a 
517 2 v2—vy (?) 
521 v2(S¥#O3) (?) 
518 524.5 528 +10 25 V2 
535 
1121 3 vi-vL 
1140 2 vi(S#O.) 
1151 1144.3 1144 -—7 10 V1 
1303 v3(S*Ox) 
as 1310 an : 
1362 —«:1336.0 {i — —46 35 3 
1334 vs+vz (?) 
2296 2287 2 v1 
2432 2 vitv3(S#O,) 
2500 2455 4 vity3 
*From Ref. 6. 


tRaman spectrum: Ref. 1. 


The results are listed in Table I and tracings of the regions of the three 
fundamentals are shown in Fig. 1. Of these three only », the symmetric 
stretching, gives rise to a sharp band (1144 cm.—'). The asymmetric stretching 
band »3 was resolved, in thin samples, into two equally intense components 

1Holder of a Cominco Fellowship. 

*NOTE ADDED IN PROOF: Shortly after our manuscript was submitted for publication we came 
across a note by R. N. Wiener and E. R. Nixon (J. Chem. Phys. 25: 175. 1956) in which these 
authors report eight bands in the infrared spectrum of solid sulphur dioxide. Their interpretation 


differs from ours mainly in that they did not consider the possibility of assigning some of the weak 
bands to the isotopic molecule S*O:. 
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FREQUENCY cm™! 
Fic. 1. Infrared spectrum of solid sulphur dioxide at —180° C. in the regions of the three 
fundamentals. 


split by about 12 cm.—'. Such splittings are common in the molecular spectra 
of crystalline solids; they have been explained theoretically by correlation 
with the structure of the crystals (2, 3, 7). A recent X-ray study of the single 
crystal of sulphur dioxide has confirmed that the unit cell is orthorhombic with 
four molecules and a probable space group Aba (5). As for the broad, asym- 
metric band due to the bending mode v, it could not be resolved clearly even 
in the thinnest films and with the maximum resolution available. At best, 
vague indications of flat maxima appeared at 528 and 535 cm. in addition to 
the stronger peak at 521 cm.—!. We are inclined to consider the latter as arising 
from superposition of the ». band of the isotopic molecule S#*O2, of which the 
natural concentration is 4.2%. In support of this view is the fact that the peak 
lies some 7 cm.~! on the low-frequency side of the center of the broad band, 
and the calculated isotope shift for that mode is exactly 7 cm.—! (6). These 
isotopic bands have not been observed in the gas because of overlapping by 
the rotational structure of the main bands. The other two fundamental bands 
also show weak satellites assignable to the isotopic molecule: at 1140 cm.—! for 
vy; (observed shift about 4 cm.—'; calculated, 2.5 cm.—'; intensity about 1/20 of 
the main band), and at 1303 cm.“ for »; (shifted some 13 cm.—! from the center 
of the doublet; calculated shift, 17 cm.—'). It is suspected that the latter band 
is of complex origin because its intensity decreased only slightly in thinner 
films while its apparent frequency increased somewhat (from 1301 to 
1304 cm.—'). None of the isotopic bands showed any indication of structure as 
already found in the case of CO, and HCI (4). 

In contrast with the spectrum of the gas, where over a dozen combination 
and overtone bands have been observed (6), only two could be detected even 
in the thickest samples of solid sulphur dioxide. The very weak band at 
2287 cm.~! can be assigned unambiguously to 2»; as in the case of the gas the 
anharmonicity is quite small. The stronger band at 2455 cm.—!, which is due 
to combination of the two stretching modes, has a weak satellite at 2432 cm.—! 
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with the right intensity and frequency shift for the isotopic molecule S**O.. 
The remaining weak maxima at 517 cm.—! and 1121 cm.—! on the low-frequency 
side of », and », may be assigned to difference combinations with lattice fre- 
quencies vz of the order of 11 and 23 cm.—' respectively, which seem reasonable 
for hindered rotations or translations of SO, molecules in the crystal. On the 
other hand, considering the uncertainty about the center of the »2 funda- 
mental, it must be noted that the shoulder at 517 cm.—' is also of the right 
intensity for the bending mode of the isotopic molecule. Likewise the flat 
maximum at 1334 cm. is tentatively assigned to a combination with a 
lattice mode. 

As for the solid-gas frequency shifts, they are in the direction to be expected 
normally for bending and stretching modes; their magnitude is obviously much 
less than for hydrogen bonded crystals but still fairly large (especially for vs) 
in keeping with the high polarity of the SO, molecule (1.62 debyes). The fre- 
quency of the fundamentals in the liquid state, as found in the Raman spec- 
trum (1), is intermediate between those of the gas and the solid. Outside the 
bands reported in Table I the absorption of even the thickest films was always 
low and constant; there were no indications of reflection peaks (4) nor of 
absorption from impurities. 

. GerpinG, H. and NijvELD, W. J. Nature, 137: 1070. 1936. 
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ALCOHOLIC HEXANITRATO AMMONIUM CERATE AS A 
QUANTITATIVE OXIDANT FOR ORGANIC SUBSTANCES 


By D. G. M. Diaper Anp F. R. RICHARDSON 


A qualitative test for the alcoholic hydroxyl group using certain complex 
cerate anions was first proposed by Duke and Smith (1) and has been used 
with success in student courses in the identification of organic unknowns in 
many schools (2). Duke and Smith note that the orange color produced by 
interaction of the cerate and alcohol is bleached by easily oxidized materials, 
and we have now found it possible, in favorable cases, to make quantitative 
use of this bleaching reaction in the determination of such materials in alcoholic 
solution. 

REAGENTS 
Hexanitrato ammonium cerate was employed in aqueous solution, without 


the addition of nitric acid, in concentrations ranging from 0.1 to 0.3 molar. 
This solution should be freshly prepared each day. It should not be heated, for 
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hydrolysis to basic cerium compounds easily occurs, and such substances 
interfere with the analysis by causing turbidity when mixed with non-aqueous 
solutions. 

Methanol and ethanol were used interchangeably as the principal solvents. 
It was found that benzene and ether did not interfere with the development 
or bleaching of the reagent in concentrations up to 30%. 


APPLICATION 


For successful quantitative use of the oxidant it is desirable that the sub- 
stance under test should decolorize it instantly and completely. The following 
substances were found suitable: anethole, hydroxylamine, oxalic acid, and the 
oximes of cyclohexanone, cycloheptanone, heptaldehyde, and butyraldehyde. 
Vanillin decolorized the reagent, but gave a yellow end product which ob- 
scured the volumetric end point. Using a spot-plate technique, suitable sub- 
stances may be detected in quantities as small as 10 ugm. 


VOLUMETRIC TECHNIQUE 


The substance, dissolved in methanol, may be titrated by the addition of 
the aqueous cerate from a burette. It was found advisable to add aqueous 
nitric acid, to a final concentration of 0.1-0.2 N, to catalyze the oxidation. 
At the end point, excess of cerate causes a yellow-orange color to appear and 
no indicator is required. Diphenylamine and ferrous phenanthroline sulphate 
could not be used in the alcoholic solutions employed. Fading of the end point 
color, presumably due to attack of the solvent by the oxidizing agent, was 
troublesome. Strong light, especially direct sunlight or the light from overhead 
fluorescent fixtures, promotes fading. Excessive amounts of acid have the same 
effect. 

An end point was obtained when three equivalents of cerate had been added 
to each of the oximes mentioned. Anethole consumed 1.5 equivalents of oxidant 
and oxalic acid consumed two equivalents. 


COLORIMETRIC TECHNIQUE 


A 0.01 molar solution of cerate in methanol has a strong orange-red color 
which persists for many hours if the solution is kept in the dark. Light or heat 
or acid promote fading, but attempts to diminish the natural acidity of the 
solution were unsuccessful, as all buffer systems tried produced turbidity. 
Addition of progressive amounts of the organic substances mentioned above 
diminished the color through yellow to colorless. Examination of the solutions 
in a Beckmann spectrophotometer showed that there was no absorption peak 
in the visible range, but general absorption increasing towards the shorter 
wavelengths. A Klett-Summerson colorimeter with the appropriate green 
filter proved suitable for these colorimetric determinations, and for each 
substance a range of standards was set up. An unknown was determined by 
interpolation. Quantities up to 10 mgm. were thus determined with a precision 
of +0.1 mgm. in 10 ml. of solution. 

Because the alcohol-cerate color does not develop instantaneously, and 
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Fic. 1. Plot of colorimeter readings versus concentration for cyclohexanone oxime in 
methanolic hexanitrato ammonium cerate. . : 


because it slowly fades, the solutions should stand, in the dark, for at least 
15 to 20 min. after mixing. This is illustrated in the family of curves of Fig. 1 
in which colorimeter readings are plotted against concentration for a series of 
methanolic solutions of cyclohexanone oxime each of which was initially mixed ~ 
with 1 ml. of 0.1 molar aqueous hexanitrato ammonium cerate. Curves I, II, 
III, and IV represent the same samples 5 min., 15 min., 30 min., and 60 min. 
after mixing. After the initial slow development of the color, the plots are 
linear and, as the colorimeter scale is logarithmic, this would indicate that the 
system obeys the Beer-Lambert Law. 

Further work is planned on the scope of the reaction and the chemical 
nature of the products. 


1. Duke, F. R. and Smitn, F.S. Ind. Eng. Chem. Anal. Ed. 12: 201. 1940. 
2. SHRINER, R. L., Fuson, R. C., and Curtin, D. Y. The systematic identification of 
organic compounds. John Wiley & Sons, Inc., New York. 1956. p. 110. 
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CORRECTIONS 
Volume 28 (Section B) 
Page 686. Inline 2, ‘0.516 mole” should read ‘‘0.0516 mole”. 
Page 687. In line 17, ‘‘0.037 mole” should read ‘‘0.375 mole”. 
In line 21, ‘‘(74-76%)” should read ‘‘(10.5-12.1%)”. 
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Volume 33 


Page 662. In line 6, ‘‘we get 0.08574 for Av’’ should read ‘‘we get 0.09399 for Av’’. 
In line 10, ‘‘0.025° per atm.” should read ‘‘0.028° per atm.’’. 
Page 1830. Line 4 up in Table II should read: 
‘Todobenzoic 233 7000 217 26,000 252 17,000”. 


Volume 34 

Page 86. Lines 6 to 11 under ‘‘Experimental’’ should read: 
‘‘n-Glyceraldehyde 

D-Fructose (5.0 gm., 0.028 mole) was dissolved in 10 ml. of water* and the solution was 
diluted with 500 ml. of glacial acetic acid. Lead tetraacetate (26.1 gm. dry weight, 
0.059 mole) was added to the solution with vigorous stirring and, 20 min. after the oxidant 
had dissolved, the lead was precipitated by adding 50 ml. of a 10% solution of oxalic acid 
in acetic acid. Stirring was......... 
Page 185. In line 7 up, ‘‘6%” should read “68%”. 
Page 257. In paragraph 2 (below Table II), the first sentence should read: 

“A weighted average gives a value of (3.73+0.05) X10® yr. for the a half-life of Pu’. 
Page 325. In equations [1], [2], and [3], # should read n?. 
Page 326. In the line above equation [9], U should read U,(). 
Page 725. Equation [8] should read: 


“‘¢(t) = c(0).ePterfc(u/Dt)” 
[Authors’ note] ‘‘For the case cited, this expression yields a mean k = 1600 X10~ min.~! 
over the interval ¢ = 0 to 10 min. so that the argument presented is not substantially affected. 


A rigorous treatment of the contribution to the counting rate of the material diffusing in 
the substrate will be presented in a subsequent paper’’. 


tad rr 
Page 743. In compound III, nen should read: NH2(CH2),N 
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Notes to Contributors 


Manuecripts 

(i) General. Manuscripts, in English or French, should be typewritten, double 
spon, on pape SS X 3h Se Se eee are to be submitted. 
Tables and captions for the figures should be placed at end of the manuscript. 
Every sheet of the manuscript should be numbered. 

Style, thy me spelling, and abbreviations should conform to the u 
of this journal. Names of all simple compounds, rather than their formulas, should 
used in the text. Greek letters or unusual signs should be written plainly or explained 
by marginal notes. Superscripts and subscripts must be — and carefully placed. 

Manuscripts and illustrations should be carefully before they are sub- 
mitted. Authors will be charged for u deviations from the usual format 
and for changes made in the proof that are considered excessive or unnecessary. 

(ii) Abstract. An abstract of not more than about 200 words, indicating 

of the work and the principal —e is required, except in Notes. 

iii) References. References should listed alphabetically by authors’ 
names, numbered, and typed after the text. The form of the citations should be 
that used in this journal; in references to papers in periodicals, titles should not be 
given and only initial page numbers are required. The names of periodicals should be 
abbreviated in the form given in the most recent List of Pertodicals Abstracted by 
Chemical Abstracts. All citations should be checked with the original articles and 
each one referred to in the text by the key number. 

(iv) Tables. Tables should be numbered in roman numerals and each table 
referred to in the text. Titles should always be given but should be brief; column 
headings should be brief and descriptive matter in the tables confined to a minimum. 
Vertical rules should be used only when they are essential. Numerous small tables 
should be avoided. 


Illustrations 

(i) General. All figures (including each of the plates) should be num- 
bered consecutively from 1 up, in arabic numerals, and each figure referred to in the 
text. The author’s name, title of the paper, and figure number should be written in 
the lower left corner of the sheets on which the illustrations appear. Captions should 
not be written on the illustrations (see Manuscripts (#)). 

ii) Line Drawings. Drawings should be ully made with India ink on 
white drawing paper, blue tracing linen, or co-ordinate paper ruled in blue only; 
any co-ordinate lines that are to appear in the reproduction should be ruled in black 
ink. Paper ruled in green, yellow, or red should not be used unless it is desired to 
have all the co-ordinate lines show. All lines should be of sufficient thickness to 
reproduce well. Decimal points, periods, and stippled dots should be solid black 
circles large enough to be reduced if . Letters and numerals should be 
neatly made. ey with a stencil (do Not use typewriting) and be of such 
size that the smallest lettering will be not less than 1 mm. high when reproduced 
in a cut 3 in. wide. 

Mone Coemanort ate too large; originals should not be more than 2 or 3 
times size of the desired reproduction. In large drawings or groups of drawi 
the ratio of height to width should conform to that of a journal page but the height 
should be adjusted to make allowance for the caption. 

The original drawings and one set of clear copies (e.g. small photographs) 
“rtul) Phot a F should be made on glossy th 

tog: . Prints sho on g paper, with strong con- 
trasts. They should be trimmed so that essential features only are shown and mounted 
carefully, with rubber cement, on white cardboard with no space or only a very small 
space (les than 1 mm. between them. In mounting, full use of the space available 
ould be made (to reduce the number of cuts required) and the ratio of height 
to width should correspond to that of a journal page (42 X 7} in.); however, allow- 
ance must be made for the captions. Photographs or groups of photographs should 
not be more than 2 or 3 times the size of the desired reproduction. 

Photographs are to be submitted in duplicate; if they are to be reproduced 

in groups one set should be mounted, the duplicate set unmounted. 


Re ts 
total of 50 reprints of each paper, without covers, are supplied free. Additional 
reprints, with or without covers, may be purchased. 

Charges for reprints are based on the number of printed which may be 
calculated approximately by multiplying by 0.6 the number of manuscript pages 
(double-spaced written sheets, 8} X 11 in.) and including the space occupied 
by illustrations. An additional charge is made for illustrations that appear as coated 
inserts. The cost per page is given on the reprint requisition which accompanies the 


Any reprints required in addition to those requested on the author's reprint 
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